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ABSTRACT 

 

Copper polishing performance depends significantly on the properties of pads, 

slurries, conditioning, pressure, sliding velocity, slurry flow rate and temperature. A 

slight variance in each of these parameters will cause significant change in polising 

results. Various investigations are performed during this study to understand the effect of 

consumables and other main operating parameters on copper polishing in terms of 

removal rate, lubrication mechanism, and temperature transients. A modified two-step 

Langmuir-Hinshelwood removal rate model and a flash heating thermal model are 

developed to describe the removal mechanism.  

Results indicate that grain size plays an important role during copper polishing. 

Smaller grain size may enhance the chemical rate by providing a higher density of 

favorable reaction sites. However, denser grain boundaries due to smaller grain size may 

reduce the mechanical rate by increasing the probability of disruption of three body 

sliding contact. It is found that removal rate increases as slurry flow increases from 60 to 

80 cc/min because higher slurry flow rate can provide more reactants to the system. Then 

removal rate decreases as slurry flow rate is further increased to 140 cc/min, which is due 

to synergic effects of the wafer temperature, slurry flow and slurry residence time under 

the wafer. The observed removal rate drop is thought to be due to the change of the wafer 

temperature at high sliding velocity.  

Experimental results from eight slurry formulations with various abrasize size 

and content show that in the case of 13-nm abrasives, the dominant tribological 
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mechanism is that of partial lubrication, while in the case of 35-nm abrasives, the 

dominant tribological mechanism is that of boundary lubrication. COF values of the 

slurry with surfactant are generally lower that those of the slurry without surfactant.  

Logarithmic spiral positive pad, whose spiral groove is at a slight angle to the 

pad rotation direction, shows the highest average COF. The radial pad results in the 

smallest average COF. For all types of the grooved pads investigated, CMP is 

mechanically limited at low pV, and chemically limited at high pV. Non-Prestonian 

behavior is thought to be due to variations of COF and substrate temperatures.  

Dual Emission UV Light Enhanced Fluorescence results indicate that during 

polishing the wafer is tilted towards the center of the pad and that the extent of wafer tilt 

is a strong function of diamond disc pressure. Increasing the oscillation frequency of the 

diamond disc or the rotation rate decreases slurry film thickness. Slurry film thickness 

increases with the slurry flow rate. Also slurry film thickness strongly depends on 

diamond disc design. 

 



  

 

28

 

 

 

CHAPTER 1 

INTRODUCTION 

 

 

1.1 Introduction to Chemical Mechanical Planarization 

Chemical Mechanical Planarization (CMP) is a process by which material is 

removed from a substrate by chemical as well as mechanical means to achieve both local 

(i.e. micrometer scale) and global (i.e. millimeter scale) planarization. Since its 

introduction and development by IBM in the mid-1980s, CMP has been extensively 

accepted in semiconductor manufacturing processes of very large scale integrated (VLSI) 

circuits and ultra large scale integrated (ULSI) circuits for interlevel dielectrics and metal 

layer planarization1,2. Integrated circuits (ICs) are manufactured into processor chips, 

DRAM and SDRAM, data storage devices, and communication chips. The global market 

for CMP and post-CMP equipment and consumables is expected to approach $3.3 billion 

by 2008 with an average annual growth rate of about 14% through 20083. 

The current CMP technique has evolved and has largely been developed from 

grinding and lapping process used in the glass industry. 
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Grinding is a shaping process that is used for rapid removal of material. The 

history of grinding may be traced back to the Neolithic period, around 10,000 to 5,000 

BC. This period is also called New Stone Age which is characterized by stone tools 

shaped by grinding a fine abrasive against tools to give them a smoother cutting edge and 

greater strength. In the glass industry, bronze wheel made by bronze pellets are used as 

the grinding tool. These pallets are imbedded with diamond grits ranging from 20 to 80 

microns. Depending on the type of glass work piece, material is removed by fracturing 

and/or scratching of the surface of the glass. The mechanism of material removal 

associated with grinding is wear, where volume removal is high4.  

Lapping is a global planarization method for removing surface damage done by 

the grinding process. Lapping is usually done on a rotating, hard, optically flat, cast iron 

table. Abrasive particles with diameters ranging from 20 to 40 microns are suspended in a 

liquid, which acts as the slurry and is applied to the rotating table. Material is removed by 

fracturing, and the removal rate depends on the hardness of the glass. The roughness of 

the lapped surface typically has 10-20 micron4.  

Like lapping, polishing process also use rotating table. However, unlike lapping 

where the abrasive particles act against two rigid surfaces, the polishing process uses an 

elastic or viscoelastic material instead of a hard table. Abrasive particle sizes are much 

smaller, ranging from 0.2 to 0.5 microns4 This significantly reduces surface scratches, 

thus leading to precisely polished surfaces. Polishing is therefore widely used in the 

manufacturing of optical lenses. Table 15 compares the characteristics of lapping and 

polishing. 
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Table 1.1: Characteristic comparison of lapping and polishing 

 

 Lapping Polishing 

 Polishing pressure P

abrasive

Move direction

crack

Hard lap (cast iron)

Work piece

Polishing pressure P

abrasive

Move direction

crack

Hard lap (cast iron)

Work piece

P

Work piece

Soft pad 

Direction of motion

Micro abrasive

P

Work piece

Soft pad 

Direction of motion

Micro abrasive

Abrasive 

size 

Large (order of 10 micron) Microscopic (order of 1 micron or even 

smaller) 

Tool Hard lap  

(cast iron or ceramics) 

Soft elastic pad  

(artificial leather or plastic) 

Action 

of 

abrasive 

 

Rolling 

 

Retained elastically by pad surface 

Surface 

condition 

Satin finish surface Mirror surface 

Main 

purpose 

Accuracy of form Smooth mirror surface 

 

The polishing process involves the chemical softening of the glass surface and 

the subsequent mechanical scraping of this softened layer by the abrasive particle. This is 
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more or less considered as the rudiment of contemporary chemical mechanical polishing. 

Since glass is similar to silicon wafers, the polishing process in the glass industry was 

easily adapted to manufacturing of ICs. In the past 20 years, after continuous refining and 

developing, CMP process has grown more mature and capable. With the current 

technologies, the metal film can be polished to a final thickness within 10 to 50 

nanometers depending on the application2. Compared to glass polishing, CMP is more 

advanced in precision control over the amount of material removed, in the uniformity of 

the material removal, and in achieving high levels of planarity. 

 

1.2 Semiconductor Technology 

Increasingly complex tasks performed by computers require more and more 

memory capacity as well as faster and faster processing speeds. This leads to a constant 

need to develop more highly integrated microchips. This is expressed by ‘Moore’s Law’, 

which states that the number of transistor doubles every 18 to 24 months6. The increase is 

achieved mainly by decreasing the size of the devices on the chips. At present, according 

to the International Technology Roadmap for Semiconductors 7 , for high-volume 

manufacturing the feature size is down to 45 nm in near future. 

Faster processing speeds depend on both gate time delay and interconnect time 

delay. When feature sizes decrease, the signal between the transistors transfers less 

distance thus shortening the gate time delay. However, when the distance of the 

electrically conducting interconnect lines is below a certain distance, these lines start to 
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influence each other once voltage and current are applied. Thus, the inductive cross-talk 

will decrease the reliability of data transport. In addition, when they are close enough to 

each other, two neighboring lines at different voltage form a capacitor. Thus, below a 

certain distance of interconnecting lines, the signal delay is no longer dominated by the 

intrinsic gate delay of the transistor, but by capacitive resistance of the interconnect array.  

The interconnect delay can be calculated by following equation8: 

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
+==

2

2

2

2
0

L
p
L42RC

δ
ρεετ      (1.1) 

Where τ is the signal delay time, R the resistance, C the capacitance, ρ the 

specific resistance of the conductor, ε the dielectric constant of the insulating material, ε0 

the dielectric constant of vacuum, L the length of the conductor, δ the thickness of the 

conductor, and P the distance between two conducting lines Based on this equation, 

increased signal speed can be obtained by decreasing the specific resistance of the 

interconnect metal (such as introducing copper instead of aluminum), decreasing the 

dielectric constant of insulating material (such as introducing low k materials instead of 

SiO2), or forming multilevel metallization schemes where different levels of metal 

interconnections are isolated by dielectrics and are connected by vias9. The increase in 

the levels of the metallization lines means that packing density need not keep pace with 

device density and the minimum metal line feature does not have to scale with the same 

pace as the gate width. The foremost reason behind the implementation of multilevel 

metallization schemes is the reduction in the length of the metal line thereby reducing the 
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RC delay sizably. 

However, multilevel metallization brings a serious challenge to planarization. 

Especially as device dimensions fall below one half micron, the multilevel interconnect 

schemes require repeated planarization within nanometer tolerances. Conventional 

planarization techniques such as thermal flow, sacrificial-resist etch-back, and spin-on 

glass are inadequate for interconnect systems with more than three layers of metals, since 

they ultimately provide only a limited degree of smooth surface10. CMP has emerged as 

the best method of achieving global planarization which is essential in building multilevel 

interconnections used in advanced ultra large scale integrated (ULSI) circuits 

manufacturing. Global planarity means that the wafer surface must be almost perfectly 

smooth, and surface roughness must be eliminated due to the tighter depth-of-focus 

requirements inherent in sub-micron photolithography11. In one word, CMP becomes 

increasingly important to IC manufacturers as ICs shrink in size and their complexity 

increases due to its ability to produce higher yields and lower defect levels when 

compared to the other processes.  

Therefore, CMP is effective in: 

• Achieving global planarization across the wafer as well as local planarization; 

• Removing most types of materials without introducing hazardous materials; 

• Enhancing high definition damascene process and copper metallization. 

Figure 1.1 shows a comparison between planarized and non-planarized surface 

topography12. It clearly shows that without planarization, the irregular non-planarized 

surface will make it impossible to conform the coating of the photoresist and effectively 
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transfer the pattern with contact lithography. The depth of focus of optical lithography is 

limited in the range of several micrometers. After planarization, steps coverage is 

eliminated, thus leading to minimize the stacking height of metallization layers. 

 

 

Example for conventional Multi-Level 
Metallization 

 

CMP Planarization in Multi-Level 
Metallization  

 

Figure 1.1: Schematic of (a) a non-planarized and (b) planarized MLM structure 

 

Fig. 1.2 shows schematically a CMOS device where CMP is used in the 

planarization of the ILD and metal in a multi-level chip. CMP help achieve a smooth 

surface, which enables proper patterning and functionality of the device. 
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Figure 1.2: CMOS device layer (100nm feature size microprocessor)13

 

1.3 Applications of CMP in Semiconductor Manufacturing 

Currently CMP is primarily applied in four areas of IC fabrication: (a) interlayer 

dielectric (ILD); (b) copper damascene process; (c) shallow trench isolation (STI) and 

also (d) tungsten.  

 

ILD CMP 

ILD planarization is critical for the realization of the multi-level metallization. 

Interlayer dielectric deposition of films such as silicon dioxide (SiO2) or silicon nitride 

(Si3N4) usually are used as insulating materials between the metal lines. As these 
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dielectric materials are deposited on the wafer surface, they will conform to the 

topography of the metal lines, thus creating a non-planar surface (Fig. 1.3 (a)). The ILD 

planarization is introduced into IC fabrication to effectively planarize the dielectric 

layers. There are several different degrees of planarity compared to non-planarizied 

surface. Smoothing the surface (Fig. 1.3 (b)) is not real planarization process, which just 

flattens the sharp edge of ILD layer. While local planarity (Fig. 1.3 (c)) serves to 

maintain the integrity of the underlying metal interconnects. With the increase of the 

device density in IC chips, multi levels of metal interconnect are required to facilitate the 

device communication. As multiple layers of these circuits are added, the non-planarity in 

the surface is cumulative. This will cause a serious problem in maintaining the control of 

depth of focus during the following optical lithography step because surface topography 

leads to overexposure of thinner areas and underexposure of thicker areas of resist, 

eventually leads to early failure of the device. Therefore global planarity (Fig. 1.4 (d)) is 

needed.  

 

Cu CMP 

Another important application of CMP is in the copper damascene process. As 

discussed above, using copper instead of aluminum can decrease the signal time delay 

due to its low resistivity. Figure 1.4 shows a multilevel IC chip fabricated by IBM using 

copper as the interconnect material. However, copper is difficult to be patterned using 

conventional dry and wet etching methods. Instead, copper lines are deposited using a 

damascene process. Since copper can be used as both line and plug metal, a dual 
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damascene process is incorporated where both line and plug are deposited 

simultaneously. During the dual damascene process, trenches are created with 

conventional photoresist techniques, and filled with metal. The deposition process is used 

to overspill the surface. After that, a CMP process is followed to remove the overburden 

copper to isolate the lines in different trenches. CMP is currently the only method that is 

able to remove the overburden copper with good global planarity.  

Figure 1.5 schematically shows the process steps of a dual copper damascene 

process. Besides copper, CMP is also used in the planarization of aluminum interconnects 

and tungsten vias under a similar inverse metallization scheme. In addition, a barrier 

layer such as Ti and TiN is usually used as an interfacial layer between metal 

interconnects and dielectrics to avoid metal diffusion. 

 

Metal Lines

ILD

Metal Lines

ILD

Metal Lines

ILDILD

Metal Lines

ILD

Metal Lines

ILD

 

(a) Non-planarized surface    (b) Smoothed surface 

 

Metal Lines

ILD

Metal Lines

ILD

Metal Lines

ILD

Metal Lines

ILD

Metal Lines

ILD

 

(c) Surface with local planarity  (d) Surface with global planarity 

Figure 1.3: Varying degrees of surface planarity 
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Figure 1.4: A typical cross-section of 6-level copper/low k chip  

(Source: Intel Corporation) 

 

STI CMP 

Another important application of CMP is in the shallow trench isolation 

structure. Different from ILD planarization and copper damascene which belong to the 

back-end of line of the processes and deal with the interconnection between different 

modulus, STI planarization is in the front-end of line of processes of IC fabrication. 

During the course of building a microprocessor, isolation is needed between adjacent 

devices to prevent the establishment of parasitic channels. Conventionally, due to the 

bird’s beak encroachment problem, LOCOS (local oxidation of silicon) has been replaced 

by shallow trench isolation with the CMOS technology scaled down to the sub-micron 
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generation. Similar to the copper damascene process, shallow trench isolation is a 

damascene process as well. The process of STI structures begins with etching of the 

silicon trench followed by a nitride deposition. The trench is etched again and then filled 

with a dielectric via chemical vapor deposition. A CMP is then used to remove the excess 

oxide from the surface. 

 

Barrier 

SiO2

Trench (Cu 
line) Vias (Cu line & 

plug)

Cu fill

(a) Deposition and etching of ILD (b) Deposition of barrier layer

(c) Copper fill (d) CMP and deposition of SiN

Wafer Wafer

Wafer Wafer

Barrier 

SiO2

Trench (Cu 
line) Vias (Cu line & 

plug)

Cu fill

(a) Deposition and etching of ILD (b) Deposition of barrier layer

(c) Copper fill (d) CMP and deposition of SiN

Wafer Wafer

Wafer Wafer

 

Figure 1.5: Schematic of copper dual damascene process  

 

Tungsten CMP 

Tungsten has excellent electrical and process capabilities and is used as the 

conducting metal. Currently, copper is the interconnect metal of choice, and tungsten 
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connects the first copper layer through a series of connection points known as vias or 

contacts to underlying transistors. Deposition of tungsten is similar with the damascene 

process of copper. Through low pressure chemical vapor deposition, tungsten is 

deposited to fill the voids of the trenches which are formed by etching the patterned 

dielectric layer. CMP is then used to remove the overburden tungsten from the surface. 

 

There are a number of advantages to CMP over other methods. The main 

advantage is that CMP can achieve planar surfaces within atomic scale flatness. 

However, some fatal defects to the performance of the chip, such as micro-scratching on 

the wafer due to agglomerated slurry particles, and chemical activity damages due to pH 

and chemical bonding effects, may be formed on the device during polishing. Extreme 

efforts are put forth to avoid such defects. 

 

1.4 The CMP Process 

During CMP, patterned or blanket silicon wafer is placed face-down against a 

polymeric polishing pad. Slurries with nano-scale abrasive particles and special 

chemicals, such as oxidizers, inhibitor, surfactant, salts, and pH buffers, are introduced 

into the pad-wafer interface. These abrasive particles and chemicals work together with 

applied pressure on the wafer and relative movement between the wafer and the pad to 

cause the material to be removed and the surface to be planarized. But CMP is much 

more complicated than it may at first appear due to micro-scale interactions between pad 
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material and slurry abrasives, which include the alteration of chemical and physical 

properties of the first few atomic layers on the wafer surface caused by reactive additives 

and the removal of these modified surface layers through the abrasive action of the slurry 

particles. The process will depend heavily on operating parameters and lubrication 

regimes. Figure 1.6 shows a partial list of parameters that affects final polishing 

performance14. Factors such as slurry chemistry and composition, physical and chemical 

properties of the polishing pad, wafer pressure and backside pressure, wafer and platen 

rotation speed, and pad conditioning etc. will have important influences on process 

performance. These factors will be explored in more detail throughout this section. 

Successful CMP implementation requires control all these important parameters 

in order to minimize surface defects, while maintaining good planarity and sufficient 

material removal15. Although CMP has obtained broad applications in the IC fabrication, 

mature modeling efforts are needed that can help the systematic optimization and 

development of the process. 
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Figure 1.6 List of parameters that affect polishing performance 
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1.4.1 CMP Tool Design 

With continued reduction of the minimum feature size to sub-quarter 

micrometers in integrated circuits (ICs), there are higher demands for CMP tools to 

achieve good and stable polishing results in various applications of high volume IC 

fabrication.  

Several types of tools are used. Each of these tools utilizes the same basic 

concepts, consisting of both the action of chemical and mechanical forces. To do this the 

tool must have the capability of moving the pad surface across the wafer and efficiently 

injecting the slurry into the pad-wafer surface. The CMP tool must also be capable of 

maintaining the integrity of the polishing pad by means of pad conditioning. Also it is 

often beneficial to integrate slurry waste collection, separation, and reuse systems into the 

polishing tool design. The wafer carrier head is designed to control the movement and 

position of the wafer during polishing. It acts to stabilize the wafer and minimize edge 

effects. All CMP tools must incorporate these features and generally are classified into 

three categories: rotary, orbital, and linear polishers according to motion of the pad. 

A schematic of a typical rotary CMP polisher is shown in Fig. 1.7. The wafer is 

loaded onto the polishing head, then placed face down to the pad, which is attached 

above the rigid platen. The wafer and the pad rotate in the same angular direction. The 

wafer’s center is offset to maintain a constant relative linear velocity across the wafer 

when both the pad and wafer rotate at the same angular velocity (this will be discussed in 

detail in Chapter 3). It is found that removal rate is controlled by the angular velocity of 
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the polishing pad, while the deviation of the wafer angular velocity from that of the pad 

will result in wafer nonuniformity16.  
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Figure 1.7: Schematic of rotary polisher 

 

Orbital polishers are similar to rotary polishers, but include translational motion 

of the wafer. This allows the entire pad surface to be used, increasing pad life and slurry 

utilization efficiency. Slurry is usually introduced through the porous or perforated 

polishing pad rather than being dispensed onto the pad surface. The disadvantage of the 

orbital polisher is pad wear-off due to the pad area is used more efficiently. Also in order 

to high surface velocities, either the orbiting radius must be large, which increases the 

tool footprint, or a high orbiting frequency must be used, which may result in the creation 

of low frequency vibrations which can be transmitted to the other process tools17. 
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Rotary and orbital designs are useful for attaining consistent wafer-to-wafer 

removal rate uniformity since slurry film thickness variation tends to be small between 

the wafer and the pad. However, there is a limit in the tools’ capability to minimize non-

uniformity and polishing profile control due to no flexible space to compensate the pad 

deformation and down-force distribution on the wafer18.  

For linear polishers, the pad moves linearly across the rotating wafer surface. 

The pad then passes below the platen which supports it against the wafer and again 

moves beneath the wafer. Figure 1.8 is a schematic of the linear polisher. Conditioning 

can be performed after the pad passes under the wafer. Slurry is typically injected at the 

leading edge of the wafer. Linear polisher tends to relatively provide more flexible 

uniformity and profile control due to its air-bearing platen design19. This design allows 

the adjustable belt above air-bearing platen to fit the full-wafer surface. However, the 

floating air-bearing belt tends to provide less stable wafer-to-wafer removal rate control 

compared to the rotary one. 
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Figure 1.8: Schematic of linear polisher 
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Table 1.2 20  summarizes and compares advantages and disadvantages of 

polishing methods from the points of view of the endpoint system, uniformity and 

removal rate control. CMP tools will continue to grow more complex and autonomous as 

the technological needs and knowledge of the process continue to grow. 

 

Table1.2: Comparison of process performance in various polishing platform 

Platform 

(polisher) 

Removal rate 

deviation (3σ) 

Within-wafer 

uniformity 

deviation (1σ) 

Endpoint 

detection 

scratch 

defect 

Remarks 

Rotary or 

orbital 

10~15% 4~8% Stable More Rigid platen to 

contact the 

wafer 

Linear 20~30% 2~5% Less stable Less More tracking 

in air-bearing 

belt 

 

 

1.4.2 CMP Pad Properties 

Polishing pad has a determining effect on CMP process to successfully achieve 

and control material removal rate and uniformity. A variety of pad characteristics, such as 

material construction, hardness, specific gravity, compressibility, porosity, tensile 

strength, and surface roughness strongly affect polishing performance. The main 

functions of a polishing pad are to: 
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(1) Contact with the wafer, and transfer the polishing mechanical action by means 

of asperities to rub against the wafer surface, 

(2) Transport the slurry, water and chemicals to the wafer and 

(3) Carry away residual slurry and by-products of the process from the wafer. 

Due to the chemical and mechanical nature of CMP process, the selected pad 

material must be able to resist the harsh slurry chemistry such as acids, bases, oxidants 

and organic additives. On the other hand, the pad should have a unique mechanical 

property of combining high strength to resist tearing, acceptable hardness and modulus 

suitable for the material to be polished, and high elongation at failure. In general, closed 

cell, cast polyurethane with filler material to control hardness and polyurethane 

impregnated polyethylene felts are choices of the polishing pad materials. Polyurethane is 

a condensation polymer generally formed by the reaction between a di-isocyannate and a 

hydroxylated-terminated resin known as polyol in the presence of a catalyst and a 

foaming agent2. During the reaction, control of hard and soft segments, urethane 

stoichiometry, pad thermal history and amount of porosity will tailor the pad 

characteristics to meet IC manufacturing needs.  

The pads used in semiconductor manufacturing can be classified into four types: 

type I, felts and polymer impregnated felts; type II, microporous synthetic leathers; type 

III, filled polymer sheets; and types IV, unfilled textured polymer sheets1,21. 

Pads of type I and II (such as Rohm & Hass Electronic Materials Suba® series, 

Politex® series) are softer pads, which have lower specific gravity, high slurry loading 

capacity and greater compressibility due to the characteristic of the porous fiber structure 
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of polyurethane impregnated felts. Young’s Modulus values for soft pads range from 

1E+8 to 4E+9 Pascal13. Typically soft pads are used for tungsten CMP applications, final 

buffing application for ILD & STI, and sub-pads for hard pads. 

While type III pads (such as Rohm & Hass Electronic Materials IC1000® 

series, Freudenberg FX-9® series, Cabot EPIC® series) are hard pads, which currently 

are predominantly used for CMP polishing of ILD, W, Cu and STI due to their higher 

ability to planarize. Compared to type I and II pads, type III pads have lower slurry 

loading capacity and lower compressibility due to its closed cell of microstructure. 

Young’s Modulus values for hard pads generally range from 7E+8 to 2E+9 Pascal13. Shi 

and Zhao22 indicated that pad hardness contributes greatly to both removal rate and wafer 

uniformity. Generally harder pads are expected to provide lower within-die non-

uniformity, and hence better local planarity since harder pads are not easy to conform the 

topography of the wafer. Softer pads, on the other hand, can provide better smooth and 

uniformity of material-removal across the entire wafer, namely local planarity. Using a 

combination of two pads can provide a balance between these two extremes. For 

example, a stacked pad consisting of an IC 1000 top layer on a Suba IV sub-pad currently 

is the pad system of choice to obtain both good planarity and long-range conformality 

and better uniformity. Figure 1.9 depicts a Scanning Electron Microscope (SEM) image 

of a cross section of this kind of pad. 
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IC-1000  

Adhesive Interface 

Suba IV Fibrous 

Suba Pad Adhesive 
 

Figure 1.9: Scanning Electron Microscope (SEM) image of a cross section of cross 

section of IC1000 and Suba IV sub-pad 

 

Figure 1.10 shows the detail of pores, walls and asperities from the top view of 

a Rohm & Hass Electronic Materials IC1000 pad. The pad is a closed-cell, void-filled 

polyurethane foam. Typically, the mean pore diameter is about 30 microns. Pores occupy 

about 35% of the pad volume and about 60% of the cross-sectional area. Porosity 

measured as the specific gravity of the pad, which is also related to pad modulus and 

hardness, is important in that the pores and pore walls enhance slurry transport and 

remove reaction products from the polish area respectively.  

Pad properties can also be controlled through pad geometry characteristics, such 

as pad thickness and groove designs. Pad Thickness is related to the compressibility, 

which is an indicator to show how the pad conforms to the wafer. The thicker the pad, the 

more the pad compresses to conform to the surface. Pad thickness must be balanced to 
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obtain optimum planarity and uniformity. Also the decrease of the pad thickness due to 

polishing wear and conditioning should be considered in order to control the WIWNU 

(within-wafer-non-uniformity) during the process. Devriendt and coworkers23 showed 

how pad thickness influences WIWNU and WIDNU (within-die-non-uniformity). It was 

found that thick pads, used without a sub-pad, yielded the smallest planarization times, 

the lowest WIDNU, and a WIWNU comparable to pads with a sub-pad. 

 

50 um50 um  

Figure 1.10: SEM image of a top view of a typical polishing pad (Rohm & Hass 

Electronic Materials IC1000) 

 

Groove design is another important consideration. As shown in Fig. 1.11, the 

surface of the pad contains either cut grooves or perforations punched into the pad (1-

mm-wide, and 250-um-deep). Together with pores and walls inside the pad micro-

structure, pad grooves aid in efficient slurry transport and distribution across the pad-
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wafer interface while asperities of the pad contribute to the mechanical abrasion of the 

wafer surface24, ,25 26. Uniform slurry distribution is very important to achieve center-to-

edge polishing uniformity, especially on 300 mm wafers. At the same time, these grooves 

carry away the debris from the pad-wafer interface and introduce fresh slurry into the 

interface again thus decreasing the possibility of wafer scratching. Grooves of the pad 

also serve as the channels for the transfer of heat from the pad surface. Removal of 

frictional and chemical heat can avoid localized regions of rapid chemical reaction. 

Furthermore, grooves can change the lubricity of the pad-wafer interface and prevent 

hydroplaning at the interface by creating disruptions in the continuous layer of fluid. 

Hydroplaning limits the transport of fresh slurry hence decreases material removal rate.  

 

 

 

   

Flat            Perforated  K-Groove  XY-Groove 

Figure 1.11: Four common types of pad grooving designs (figures are not draw to scale) 

 

Pad treatment prior to use such as conditioning and soaking also affect its 

performance during CMP. W. Li27and I. Li28 have found that soaking affects the storage 
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and loss modulus enhancing the removal rate and WIWNU. Soaking will also improve 

the wetting capability of the pad thus improving slurry distribution.  

 

1.4.3 CMP Polishing Conditioning 

Asperities and pores are vital to polishing because these microscopic peaks and 

voids help transport the slurry and determine the contact area of the pad to the wafer 

surface. It is important to maintain these surface characteristics over the useful life of the 

pad. While during polishing, due to the plastic deformation and mechanical abrasion, the 

surface of the pad undergoes flattening and wear-off of asperities, pores may also be 

clogged with pad material, used slurry abrasive particles and polishing by-products, a 

phenomenon known as pad glazing. Figure 1.12 shows the surface of a glazed IC 1000 

pad. 

 

 

Figure 1.12: SEM image for non-conditioning glazed pad 
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For a glazed pad, it is apparent that all pores have been covered and a blanket 

layer of silica particles is formed on the surface of the pad. Glazing clogs pores and 

coveres asperities, greatly inhibiting slurry transport and creating a smooth surface, both 

of which act to significantly decrease removal rate. A. S. Lawing29 found that asperities 

on the pad directly related to polishing rate and the choice of diamond conditioner had a 

great role in material removal. A study performed by Coppeta et al30 also showed that 

conditioning increased the thickness of the fluid layer beneath the wafer. Therefore it is 

necessary to perform in situ (during polishing) or ex situ (between polishes) pad 

conditioning to roughen the surface and create asperities and open the pores to improve 

the transport of slurry and achieve a consistent polishing surface. As shown in Fig. 1.13, 

the surface asperities of the pad are revived, and pores are re-opened again upon 

conditioning. It should be noted that pad conditioning comes at the cost of pad wear. 

For the harder, molded closed-cell polyurethane pad materials, a nickel plate or 

metal brazing embedded with diamonds with a certain grit size is usually required to 

perform conditioning. Grit size typically ranges from coarse (16 ~ 24 grit), medium (36 ~ 

60 grit) and fine (80 ~ 120 grit). Superfine grits range from 150 to 325 or higher. The 

higher the grit size number, the smaller the average sizes of the abrasives. The coarser 

grits yield a fast and aggressive stock removal, while the finer grits cause a smaller stock 

removal but with a better surface finish31. 
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Figure 1.13: SEM image for in situ conditioning pad 

 

Figure 1.14 compares the surface condition of Freudenberg FX-9 pad after 

conditioning using diamond discs with different grit size. Higher grit conditioner (200 

grit) abrades the pad most gently, however it does not roughen the surface completely. If 

the pad is under-conditioned (Fig. 1.14 D), the process will not remain stable thus leading 

to extensive rework or scrapped wafers. In the case of the 60-grit conditioner, the 

conditioning is too aggressive, and micro-structure of pores have been destroyed That 

represents over-conditioning which will shorten pad life thus leading to higher cost of 

ownership and less tool availability.  

Mullany and his coworker 32  found that more aggressive pad conditioning 

resulted in larger degrees of pad thinning, giving the pad a dished profile. It showed that 

as pas wear altered the profile of the pad it influenced the Von Mises stress distribution 

hand hence ILD removal rates. The 100-grit conditioner made a very good balance 
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between degree of conditioning and extent of wear. It must be noted that diamond 

conditioning disc costs are significant, which are only exceeded by slurry and pad costs. 

It is therefore important to optimize the conditioning scheme so that it maintains a rough, 

porous surface while minimizing wear. 

 

              

 

50 um 
 

50 um
  

(A) new pad    (B) 60 grit 

50 um50 um 50 um50 um50 um50 um

 

(C) 100 grit    (D) 200 grit 

Figure 1.14: Effect of conditioning with diamonds of various sizes on pad texture 

 

Except for the grit size, the pattern of the diamonds on the surface of the disc 

also has an important effect on the contact area and the distribution of the slurry on the 
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surface of the pad. The most common of these patterns are mesh pattern and 

honeycombed layouts. In Chapter 9, several conditioners with novel pattern designs will 

be investigated using DEUVEF (Dual Emission UV Light Enhanced Fluorescence) 

technology to understand the effects of the pattern design on the fluid film thickness 

beneath the wafer. Also the effects conditioner operation parameters including disc 

pressure, rotation rate, sweep frequency will be discussed in detail. Whether or not pad 

conditioning benefits polishing depends on many factors, such as types of the pad, grit 

size and patterns of the diamonds, sharpness of cutting edges, protrusion of diamonds, 

applications of CMP process, as well as operating parameters.  

In addition to between wafer conditioning, pad break-in, namely pad 

conditioning before using the pad for the first time, is also necessary. Because unused 

pads, such as the Rohm & Hass Electronic Materials IC1000, have a smooth, closed cell 

surface that does not wet. This leads to poor slurry transport. Pad break-in serves to 

stabilize the pad performance.  

Recently, University of Arizona and Asahi Sunac Co. co-developed a new 

technique, named HPMJ (High Pressure Micro Jet), and applied it for pad conditioning 

and pad cleaning33. The advantage of the HPMJ technology is that it does not harshly 

abrade the pad. Combined with conventional diamond disc conditioning, HPMJ can help 

to extend the pad life while achieving same conditioning results as diamond disc 

conditioning does. Figure 1.15 shows the topography of the Rohm & Hass Electronic 

Materials IC 1000 pads after HPMJ with 20 MPa pressure conditioning for 10 seconds 

plus 20 seconds ex situ conditioning. It is clear that HPMJ also does good job in opening 
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the pores, and cleaning the wall of pores. The latter is important since it decreases the 

possibility of wafer scratching. 

 

 

Figure 1.15: SEM image for ex situ plus HPMJ conditioning pad 

 

1.4.4 CMP Slurries 

CMP slurries are multi-phase and multi-component systems consisting of ultra 

fine abrasive particles with specific size and shape dispersed in a liquid medium 

(typically water-based). Sizes of the particles typically vary between 10 to 100 nm, and 

concentrations of the particles in the solution range between 10 to 30% by weight. 

Particles include silica, alumina, or ceria that roughly have the same hardness as the film 

being polished. Other additives to the slurry include organic and inorganic acids and 

bases, anti-coagulating agents, surfactants, oxidizing agents, corrosion inhibitors, 

chelating and complexing agents, buffers and bactericides.  
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The slurry chemistry has an important impact on polishing rate. Also important 

are the shape, content, size, and size-distribution of the slurry particles. Some properties 

of slurries are summarized in the Table 1.3.  

There are two types of silica particles, fumed and colloidal silica, which are 

fabricated by two different methods, each resulting in particles with different 

characteristics. Fumed silica particles are made by a combustion process from the 

following reaction: 

2)(2222 HOHHClSiOOHSiCl gx +++→++    (1.2) 

The residual particles in the reaction are nano-sized silica particles to be used as 

abrasive particles in the slurry. One main characteristic of fumed silica particles is that 

they tend to aggregate and form small chains of particles as seen in Fig 16 (a).  

 

   

(a) Fumed silica   (b) Colloidal silica 

Figure 1.16: TEM images of silica slurry particles (Source: Degussa Corporation) 
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Table 1.3: Main properties of the different slurries associated  

with different planarization applications 

Slurry for 

different CMP 

applications 

 

ILD 

 

STI 

Tungsten & 

Titanium 

(adhesion layer) 

Copper & 

Tantalum 

(adhesion layer) 

Particles types Fumed & colloid 

silica 

Fumed & colloid 

silica, ceria 

(new) 

Silica, alumina Silica, alumina 

 

Slurry solution 

Base solution, 

KOH, NaOH, 

NH4OH 

Base solution, 

KOH, NaOH, 

NH4OH 

Proprietary 

organic acid etc. 

Proprietary 

organic acid, 

corrosion 

inhibitor etc. 

Particles content 10-30% 10-30% 5-10% <10% 

 

 

Oxidizer 

  Hydrogen 

Peroxide, Ferric 

Nitrate, 

Potassium 

Ferricyanide 

Hydrogen 

Peroxide, APS 

Consumption 

market 35% 10% 20% 35% 
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Colloidal particles (shown in Fig. 16 (b)) are made in solution typically by the 

nucleation of sodium silicate in silica acid. Colloidal silica particles do not agglomerate 

but rather remain dispersed throughout the solution as long as the absolute value of the 

zeta potential is greater than 50 mV. Thus, colloidal particles are usually smaller in mean 

diameter than fumed particles (about 10 to 20 nm compared to 90 to 200 nm). Clark et 

al34 showed that colloidal silica particles give greater removal rates than fumed silica 

during CMP process due to particle size, solids concentration and other slurry 

differences. 

CMP slurries are designed to fit their specific application. Some of the 

parameters that can be adjusted are abrasive particle characteristics, pH, and chemical 

buffers. How these parameters are adjusted will depend largely on the substrate being 

polished. As described earlier, the chemical action of the slurry is through its ability to 

oxidize and dissolve the surface material while the mechanical effects are enhanced 

through the abrasives with sizes ranging between 20 to 500 nm. Thus, the abrasive-liquid 

interactions prior to abrasive-substrate surface and liquid-substrate surface interactions 

are very important in determining optimum parameters such as abrasive types, abrasive 

size, and shape, solids content, pH, and viscosity of the slurry. The chemical reactions 

modify the physical-chemical properties of the film, pad, and abrasive surfaces, which in 

turn affect the mechanical components. 

Silicon dioxide (ILD) CMP consumes the largest volumes of slurry in IC 

processing. The slurry chemicals commonly used to adjust pH (typically 9.5 to 11.0) are 

KOH and NH4OH. Increasing the slurry pH has been shown to increase material removal 

 



  

 

61

rate, but also decrease the shelf life of the slurry35. For ILD CMP, studies have also 

shown that decreasing the concentration of abrasive particles decreases removal rate36. 

Slurry viscosity is typically similar to that of water. Increasing slurry viscosity during 

oxide CMP decreases removal rate37. Lower viscosity slurries are more effective at 

spreading and providing a more uniform polish. Copper CMP uses slurry with low pH 

ranging from pH 4 to 6. Hydrogen peroxide solution is the major oxidizer used. The 

mechanical effects are mostly important for hard surface materials like tungsten and 

tantalum while chemical effects are more essential on soft materials like copper, 

aluminum and polymeric materials.  

Another way to alter the properties of the slurry is by adding a surfactant. 

Surfactants aid in wetting surfaces and in reducing the surface tension. This helps to 

spread the slurry more easily and distribute more evenly. This can help improve WIWNU 

and increase material removal rates38. All of these factors must be considered when trying 

to optimize slurry transport. 

 

1.4.5 Oxide CMP Polishing Mechanism 

SiO2 polishing is a subset of glass polishing. The two major components 

necessary for polishing are chemical and mechanical forces. The chemical process creates 

a surface layer ready for mechanical removal by abrasive particles and pad asperities. 

Many mechanisms are capable of occurring that result in different possible chemical 

species such as the general mechanism proposed in Eq 1.3 38, 
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41222 )()(2)( OHSiSiOOHSiO xx +⇔+ −     (1.3) 

Water plays a crucial role in the polish because it is the chemical component in 

oxide CMP. It can weaken the SiO2 surface, increasing the effectiveness of the slurry 

mechanics. Cook suggested that the water which is under the load imposed by the 

abrasive particles could diffuse into the oxide surface. Once the water has reached the 

oxide surface, the layer loses its strength by a break in the Si-O bonds, and the hydrated 

layer Si-OH is formed. Near the oxide surface, many of the Si-O bonds will be hydrated. 

Once all of the Si-O bonds for a given Si atom are hydrated, Si(OH)4 is formed which is 

highly soluble in water at high pH2, 39.  

In an aqueous electrochemical system at equilibrium, a Pourbaix diagram 

facilitates an understanding of the regions of stability for the chemicals involved in the 

reactions39. From Si-H2O system Pourbaix diagram, one is capable of observing the 

values of pH and potential for stable unoxidized silicon, oxidized silicon, and ionic 

silicon species. For oxide polishing, silicon dioxide is stable when pH value is lower than 

11 and the potential is above -1.5 V. Once water has broken through the oxide layer, 

reactions between the oxide and water produce two ionic species, as shown on Figure 

1.17. The species, Si(OH)3O-
 and Si(OH)2O2-2, are then dissolved into solution and 

washed away leaving the oxide surface polished.  

Cu CMP polishing mechanism will be discussed in Chapter 3. 

 

 



  

 

63

 

Figure 1.17: Pourbaix diagram of a Si-H2O system  

(Courtesy of S. Raghavan – University of Arizona). 

 

1.4.6 Cost of Ownership (CoO) and EHS Issues 

As CMP technology is widely used in more and more large-scale semiconductor 

manufacturing factories, sequent environmental and economical issues become more and 

more important and severe. These issues often relate to and influence each other. The 

development of semiconductor manufacturing industry must be on the premise of the 

environmental benignancy and cost control.  

In one CMP process, many parameters and consumables determine the process 

environmental effects and the cost of ownership (CoO). One of them, water is a severe 

concern. It has been estimated that the CMP process accounts for as much as 30-40% of 

the entire water consumption in an IC Fab40. Many methods are taken to purify and 

dispose or recycle the water. Actually, according to the ITRS resource conservation, 
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specifically water usage has been labeled as one of the five difficult Environmental, 

Health and Safety (EHS) problems beyond 100 nm technology. Many inorganic or 

organic chemicals in the slurry and solvent are used during the CMP process to polish 

and clean the wafer. The disposal and discharge of the used slurry and the by-products of 

the process, as well as the removal of the residue of the chemicals have always been a 

serious concern. Some methods such as flocculation, ultra-filtration and micro-filtration 

help achieve these aims with substantial capital investments. Decreasing the burden of 

process on the environment and on CoO also depends on how effectively one uses the 

consumables. Overall CoO of CMP includes pads, slurry, equipment, labor, and other 

materials. Holland et al. 41  described the percent break down of each component 

illustrated in Fig. 1.18. 

 

Slurry
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Equipment
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9%
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Slurry
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Figure 1.18: CMP Cost of ownership 
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Slurry and pad usage per wafer roughly account for more than 33 and 16 

percent of the total CoO, respectively. Therefore, increasing the slurry usage 

effectiveness and pad life will significantly decrease CoO. According to studies 

performed by Mitchell et al.27, slurry utilization efficiency for various types of pads is 

between 2 and 25%. Further visual investigation confirms that most of the slurry 

introduced to the pad is discharged off the side to the waste stream without ever 

participating in the actual polishing of the wafer. This aggravates the environmental 

concerns and the cost burden of the process. Slurry recycle has been investigated as a 

potential means of both reducing waste treatment as well as reducing costs42,43. Pad is 

another important consumable. Increasing the number of wafer polishes per pad can not 

only reduce the expense of the pads, but also can increase polisher availability. The pad 

life is related to slurry chemical, pad conditioning, and other factors.  

CMP process relates to many variable inputs, which have complicated 

interactions with each other. In understanding the fundamental mechanisms of the 

process is also very important to make the CMP process more efficient, and to reduce 

consumables in order to achieve a more environmentally friendly process.  

 

1.5 Research Motivation and Goals 

Despite widespread use, a fundamental understanding of the CMP process 

remains to be developed. CMP, by nature, is a multi-disciplinary process, and many 

disciplines such as colloidal and polymer chemistry, fluid mechanics, mechanical 
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dynamics, surface science, tribology and material science are involved. The polishing 

performance significantly depends on the properties of pads, slurries, conditioning, 

pressure, sliding velocity, slurry flow rate and temperature. A slight variance in each of 

these parameters will cause a large change in the polishing results such as removal rate, 

defects, and uniformity, and thus overall performance of the microchip. Therefore, 

understanding of the kinetics, thermal and tribological characteristics has been, and will 

always be, an austere challenge especially as feature size shrink, wafer sizes increase and 

number of metal layer continue to rise.  

This dissertation is composed of the following investigations to understand the 

effects of consumables and dynamic parameters on copper polishing in terms of removal 

rate, coefficient of friction (COF), lubrication mechanism and temperature transient. A 

modified two-step Langmuir-Hinshelwood removal rate model and a flash heating 

thermal are developed to describe the removal mechanism of copper CMP and 

distinguish the chemical and mechanical rate during polishing  

 

1. The comparison between two copper substrates: pure copper disc and copper -

deposited wafer which have different grain sizes and varying extents of surface 

flatness; 

2. The effect of slurry flow rate; 

3. The effect of slurry abrasive particles with different sizes, content, and 

surfactants; 

4. The effects of inhibitor, oxidizer and the other chemicals in the slurry; 
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5. The effect of pads with different types of grooving; 

6. The effect of diamond disc conditioner design and kinematics on 

hydrodynamics of the process in terms of fluid film thickness under the wafer 

and wafer tilt angle.  
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CHAPTER 2 

EXPERIMENTAL APPARATUS 

 

 

2.1 Scaled Polisher Set-up in Innovative Planarization 

Laboratory 

The experimental equipment used in this research is built around a laboratory 

scale rotary polisher based on the SpeedFam-IPEC 472 tool. This 1:2 scale-down 

polisher, along with its associated attachments, is modified from the original design at 

Tufts University. Details of the original model are described in the following sections. 

The resulting polishing machine is shown in Fig. 2.1.  

The main body of the apparatus consists a Struers Rotopol-35® tabletop polisher 

with a 12-inch diameter aluminum platen. A drill press acts as a rotating wafer carrier to 

provide the variable speed and downforce control when the pad and the wafer are in 

contact during polishing. A traverse with a weighted carriage is mounted atop the drill 

press. The weighted carriage is driven by a lead screw that allows it to move along two 
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linear rails. The variable pressure onto the wafer can be attained by adjusting the position 

of the carriage on the traverse.  

 

400 lb Table

Friction Table

Polisher

Drill Press

Conditioner

Traverse

Slurry Delivery
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Carriage

400 lb Table
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Figure 2.1: Lab-scale polishing apparatus 

 

It should be noted that in order to allow the down force to be transferred to the 

wafer without generating a moment about the drill press itself, a weighted traverse is 
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mounted such that the load is supported on one end by the supporting column of the drill 

press and on the other end by the pad through the wafer and rotating shaft. The traverse is 

prevented from pivoting by the shaft of the drill press. 

The conditioning apparatus is a removable attachment, and can be bolted to the 

top of the polisher to perform in situ or ex situ conditioning. The conditioning system 

uses a 100-grit diamond disc made by TBW® Industries. The diameter of the conditioner 

is 2 inch. In order to minimize the edge effects on the pad, the diamond disc is fitted into 

a gimbaled PPS (polyphenylene sulfide) carrier. This assembly is then spring-loaded onto 

the pad. Various down pressures of the conditioner can be achieved by merely replacing 

the spring with different length or different spring constant. A Tekscan® pressure 

mapping sensor is positioned beneath the conditioner under the static conditions to 

determine the downforce of the disc. The conditioning system rotates the diamond grit 

conditioner as well as sweeps it across the pad to prevent glazing.  

To measure the shear force between the pad and the wafer during the polishing, 

a sliding table is placed beneath the polisher as seen by the schematic in Fig. 2.2. The 

sliding table consists of a bottom and a top plate that the polisher is set upon. The top 

plate is only allowed to move in one direction relative to the bottom plate by the help of 

two slider rods between the plates. The bottom plate is bolted to a 400 lb rigid table and 

does not move. As seen from the schematic of top view of the platen, the pressure from 

the traverse is applied to the wafer. As the wafer and pad are engaged and rotate with the 

same angular velocity, the top plate will have the tendency to slide with respect to the 

bottom plate in only one direction due to the friction generated between the pad and 
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wafer, but the tendency to slide is prevented by the force exerted by a load cell which is 

coupled to these two plates. Load cell sends a voltage output to a data acquisition board 

to reflect the magnitude of the tendency force in voltage. A computer synchronizes the 

friction table to the polishing process so that real-time friction data can be obtained. For a 

given run, coefficient of friction (COF), shown in Eq. 2.1, is defined as the ratio of the 

shear force (as determined experimentally from the calibrated voltage output of the strain 

gauge) and the normal force applied to the wafer.  

 

Diamond 
Conditioner

Applied Wafer 
Pressure

Sliding Friction TableLoad Cell

Top view of the platenDiamond 
Conditioner

Applied Wafer 
Pressure

Sliding Friction TableLoad Cell

Top view of the platen

 

Figure 2.2: Schematic of polishing mounted on a sliding friction table 

 

enormalforc

shearforce

F
F

COF =      (2.1) 

Normal force is the product of the applied wafer pressure and the wafer surface 

area. The goal of the friction table is to help understand the lubrication mechanism 
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between pad-wafer-slurry interface. All equipments and systems are connected to a 

computer and fully automated using National Instruments LabVIEW® integration 

software. 

 

2.2 Polisher Scaling 

A 1:2 scaled version of a Speedfam-IPEC 472 polisher has been constructed in 

order to develop a fundamental understanding of the CMP process. In order to achieve 

similar lubrication and polishing properties as an industrial polisher and to compare the 

research results with an industrial polisher, scaling factors such as wafer pressure, platen 

and wafer speed, the ratio of platen diameter to wafer diameter, and slurry flow rate, must 

be taken into considerations. Table 1 shows these scaling parameters and the respective 

scaling factors used for each. 

The scaling factor used for applied wafer pressure is unity. Since applied wafer 

pressure settings on CMP tools already account for difference of wafer contact area (i.e. 

differences in wafer diameter), this implies that an applied wafer pressure setting on an 

industrial grade tool is equal to that of scaled down tool. 

The slurry’s kinematic viscosity and the fluid film thickness between the pad 

and the wafer are assumed to be the same in the two polishers. Reynolds number is used 

to scale the platen and wafer rotation rates between the two systems (i.e. the relative pad-

wafer velocity in the scaled model is matched to that of the industrial full-scale model). 
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When the pad and wafer rotate with same direction and same rate, the relative pad-wafer 

velocity can be described using Eq. 2.2: 

min
sec60

R
rev
rad2)RateRotation(

U
⋅⋅⋅

=
π

    (2.2) 

 

Table 2.1: Apparatus scaling parameters 

Parameter Scaling Factor Speedfam-IPEC® Rotopal-35® 

Down Pressure 1 4 PSI 4 PSI 

Platen Speed Reynolds Number 
Sliding pad-wafer 

velocity of 0.5 m/s 

(30 RPM) 

Sliding pad- wafer 

velocity of 0.5 m/s 

(55 RPM) 

Platen 

Diameter/Wafer 

Diameter 

Dplaten / Dwafer

0.61 m/ 0.20 m  

(3.05) 

0.31 m/ 0.10 m 

(3.05) 

Slurry Flow Rate Platen Surface Area 0.292 m2

(220 cc per min) 

0.073 m2  

(80 cc per min) 

 

The relative pad-wafer velocity, U, is represented in meters per second. The 

radius, R, represents the axis-to-axis distance between the wafer and platen centers. 

Rotation rate for the wafer and platen is determined in rotations per minute. 

The ratio of platen to wafer diameter is taken from the industrial tool and the 
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wafer diameter for the scaled polisher is determined based on that same ratio. The slurry 

flow rate is normalized by the ratio of the flow rate to the platen surface area. Actual 

scaling values for the two polishers are shown in Table 2.1. It should be noted that 

scaling parameters are different when scaling a different model industrial grade of 

polishing tool. 

 

2.3 Set-up and Calibrations 

2.3.1 Table Top Polisher 

The tabletop polisher is a Struers Rotopol®35 rotary polisher with variable 

rotation speeds ranging from 40 to 600 RPM, which is accomplished by controlling the 

motor with the frequency converter. A voltage input option on the converter allows the 

computer to control the platen speed. The controlled speed can be set to within ±1 RPM 

of the desired value. The rotation speed of the polisher can be simply calibrated by using 

a tachometer. 

 

2.3.2 Wafer Carrier and Polishing Head Mechanism 

As mentioned earlier, a standard industrial drill press is used as the rotating 

polishing head. The jaws of the drill chuck hold the post of the wafer carrier tightly in 

such a place that the traverse is perfectly horizontal when the wafer makes contact with 

the pad, thus leading precise down pressure to be directly applied to the wafer. Down 
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force is calibrated when the traverse is perfectly horizontal as will be discussed in the 

section following.  

The wafer carrier is constructed by connecting the brass post with a flat 

aluminum plate using a gimbal. The diameter of the flat plate is about one-half inch 

larger than that of the 4-inch wafer. This allows one to attach the carrier film and 

retaining ring assembly to the plate. The carrier film and retaining ring assembly, made 

by PR Hoffman®, is a buffed porous mounting material backed by a non-absorbent, non-

compressible fabric. The buffed poromeric material, when wet, produces the necessary 

adhesion to securely hold the wafer in place. The backing fabric allows the pad to stay 

resilient evenly across the full width of the recess during the polishing. The retaining ring 

along the perimeter of the assembly forms a recess or pocket for positioning of the wafer. 

The depth of the pocket is less than the thickness of the wafer so that only the protruded 

surface of the wafer interacts with the pad, which retaining ring makes little or no contact 

with the pad. The wafer carrier film and retaining ring assembly are shown in Fig. 2.3. 

The wafer carrier, with the drill press, is controlled by a DC motor controller 

which allows continuously variable wafer rotation speeds of approximately 0 to 150 

RPM. The dial setting of the controller can be calibrated simply by using a stopwatch and 

a tachometer to determine the corresponding rotational speed of the wafer. A fitted line 

shown in Eq. 2.3 correlates the wafer rotational speed with the dial settings of the 

controller, 

6.35)settingspeed(27.2RateRotation −∗=   (2.3) 
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Figure 2.3: Wafer carrier with retaining ring 

 

The linear fit to the calibration curve (Fig. 2.4) shows a negative y-y-intercept 

because the wafer does not rotate below a set point of about of 20. A nearly perfect linear 

fit is achieved recording a R-square of 0.999. 
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Figure 2.4: Wafer carrier rotation rate controller calibration curve 
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2.3.3 Traverse Calibration 
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Figure 2.5: Schematic of the traverse calibration apparatus 

 

Referring to Fig. 2.1, Fig. 2.5 shows a schematic of the traverse calibration 

apparatus. As seen in Fig. 2.5, a stepper motor is mounted to the end of the traverse 

which turns the screws of the traverse to move the weighted carriage forward or 

backward along the rails for adjusting the applied wafer pressure. Certain pressure is 

corresponded to the certain stepper number. Control of the stepper motor is accomplished 
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through a LabVIEW® user interface, which transfers a voltage signal to the stepper 

motor. During calibration, one end of the brass rod is inserted into the drill chuck and is 

tightened by the jaws of the chuck, while the other end rests against a force transducer 

which is placed on the surface of the pad. At this time, the traverse should be level to the 

ground otherwise the inserted length of the rod needs to be adjusted. Visual inspection to 

determine if the traverse is horizontal is sufficient to continue with the calibration. By 

doing so, the accurate down force measurements corresponding to various locations of 

the weighted carrier on the traverse can be obtained without under or over estimation. 

Later during the experimental investigation, when the wafer and pad are in contact, the 

traverse should be still kept horizontal. The starting point on the traverse is known as the 

zero position and it is the position where the carriage is closest to the pivot point of the 

drill press without creating the momentum to tip backwards. For 65 lbs weighted carrier, 

the pressure at the zero point for a 4 inch wafer is about 1.5 PSI, which is the lowest 

wafer pressure that can be applied to the pad. 

Different stepper number from zero point indicates different down pressure. The 

numbers of steps is plotted against the voltage outputs of the transducer as seen in Fig. 

2.6.  

Based on the calibration result of the transducer, the voltage outputs of the load 

can be converted into weight (down force) or the pressure if the wafer area is known. The 

calibration curve used to determine the down force for a given carriage position is seen 

below, where 

5.18)steps(0285.0Weight +∗=    (2.4) 
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Figure 2.6: Traverse calibration curve 

 

2.3.4 Force Transducer Calibration 

Prior to calibration of the traverse, the force transducer must be first calibrated 

to construct the relationship between the voltage output and down force. A schematic of 

the calibration apparatus as seen in Fig. 2.7 is used to perform the calibration. The whole 

apparatus is secured on the rigid table. The force transducer is place into a small round 

recess on the bottom plate of the calibration apparatus. The rod is placed through the slot 

of the supporter of the calibration apparatus to point against the transducer. A metal 

support plate is then placed on the top of the rod. A set of weights, placed on the plate, 

will transfer the down force through the rod onto the transducer.  

By changing the weights on the plate, namely the given force applied directly to 

the transducer, the corresponding voltage outputs can be recorded. Thus after fitting the 

curve, the relationship between voltage output and applied pressure is achieved. It should 
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be noted that during calibration, the voltage output need be re-zeroed at any time in order 

to keep the mean voltage around zero when no weight is applied to the transducer. 

Therefore, theoretically, any voltage signal must be only due to the applied force. 
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Figure 2.7: Schematic force transducer calibration apparatus 

 

Figure 2.8 shows that the output voltage recordings of the force transducer are 

plotted against their corresponding applied down force ranging from 0 to 70 lbs. The 

linear calibration trend is described using Eq. 2.5:  

89.2)weight(65.2Voltage +∗=     (2.5) 
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Figure 2.8: Force transducer calibration curve 

 

2.3.5 Friction Table 

In order to measure the shear force on the wafer during polishing, a minibeam 

load cell is secured between the sliding friction tables (as shown in Fig. 2.2). The 

measurement end of the load cell is attached to the upper table, while the bulk part of the 

load cell is fixed on the lower table. Therefore, when the upper table tries to move 

relatively to the lower table, the compression force will be sensed by the measurement 

end, then the signal in the form of the voltage output will be transferred to the LabVIEW 

interface. The sensitivity and the limit of the load cell are important factors to ensure the 

accuracy of measurement. The application of shear force should be less than 150% of the 

rated capacity of the load cell. Therefore, the selection of the load cell is based on the 

value of the applied pressure on the wafer. During polishing, a pulley system is attached 

to the end of the rigid table for calibration. The pulley system is along the direction of the 
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shear force caused by the pad-wafer contact. A screw at the end of the top plate of the 

friction table holds a sturdy wire that rests over the pulley and hangs over the edge of the 

table as demonstrated in Fig. 2.9. This configuration allows for the weights to apply a 

compression force onto the measure tip of the load cell.  
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Figure 2.9: Schematic of friction table calibration apparatus using pulley system 

 

During calibration, an initial measurement is taken without any weight on the 

pulley system to set the voltage output to zero. The zero point measurement should yield 

a zero volt reading. Then different weights are added to the pulley system, and the 

corresponding voltage outputs are recorded. The calibration curve is constructed with 

weight applied as a function of voltage as seen in Fig. 2.10. The relationship between the 

voltage output and applied weight is defined as: 
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0074.0)weight(00203.0Voltage −∗=     (2.6) 

0

0.4

0.8

1.2

1.6

0 20 40 60 8
Weigth (lbs)

V
ol

ta
ge

 (m
V

)

0

 

Figure 2.10: Friction table (Load cell) calibration curve using the pulley system in the 

direction of sliding of upper table 

 

Values of the slope and y-intercept are input into the control interface created in 

the LabVIEW program. Therefore, based on this relationship, the magnitude of the 

friction caused by the contact of the pad and the wafer will be acquired by the load cell in 

terms of voltage. This voltage is converted into the real-time shear force in the unit of 

pounds, from which real-time COF is computed.  

In order to verify that the signal is only generated in the direction of sliding of 

the friction table, the load cell also is calibrated with the pulley system placed at the 

direction normal to sliding direction of the friction table. Fig. 2.11 demonstrates the two 

locations where the pulley system is set up.  
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(a) Pulley system in the direction of the potential sliding of the upper table 

 

Load Cell

Weight
Pulley

Slider Rods

Load Cell

Weight
Pulley

Slider Rods

 

(b) Pulley system normal to the direction of the potential sliding of the upper table 

Figure 2.11: Top-view schematic of calibration of friction table at two directions  

 

Figure 2.12 shows no signal output in this case. Actually, when the line 

connecting the center of the wafer and the center of the platen is strictly normal to the 
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direction of the potential sliding of the upper table, the shear force has the same direction 

of the potential sliding of the upper table. Details of this will be discussed in Chapter 3. 
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Figure 2.12: Friction table (Load cell) calibration curve using the pulley system normal to 

the direction of the sliding of upper table 

 

It should be noted that there are other factors which affect the accuracy and 

repeatability of the measurement of the load cell. During calibration, everything is in the 

static state, no movements and rotations are involved. However during polishing, the 

contact between the wafer and the pad, the rotation and the sweep of the conditioner, the 

delivery of the slurry and the variation of rotation rate, will inevitably affect the voltage 

output of the load cell. A solution to the problem is to take a baseline measurement, in 

which case every component (platen, conditioning arm and slurry) are in motion except 

for the wafer on the pad. Later on, the baseline reading can be subtracted from the shear 

force measurements of the wafer run, so that only the shear force only induced by the 
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pad-wafer contact is considered. This approach was taken for all experiments performed 

in this dissertation. 

 

2.3.6 Pad Conditioning System 

A diamond grit conditioner, assembled with a conditioner arm and a cam gear, 

rotates and oscillates across the pad from the edge to the center (see Fig. 2.13).  
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Figure 2.13: Schematic of the conditioning system 

 

The rates of rotation and oscillation of the conditioner can be automatically 

controlled by two stepper motors through the LabVIEW interface. During calibration, the 

relationship between a series of selected voltage values and corresponding rates are 
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constructed, then the slope and y-intercept from the linear fits for the calibration curve 

are input into the program control interface. Therefore, values of rotation rate and sweep 

frequency can be directly set in the control panel of the LabVIEW interface. These 

setting values are converted into voltages based on the calibration results, the signals are 

sent to the stepper motors which drive the conditioner. The linear fits to calibration 

curves (See Fig. 2.14 and 2.15) of rotation and sweep are shown in Eq. 2.7 and Eq. 2.8. 
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Figure 2.14: Calibration of rotation rate of the conditioner 

 

For the rotation rate: 

66.6)outputvoltage(12.69rateRotation −∗=    (2.7) 

For the sweep frequency, 
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73.2)outputvoltage(38.47frequencySweep −∗=    (2.8) 
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Figure 2.15: Calibration of sweep frequency of the conditioner 

 

2.3.7 Slurry Delivery System 

Since an open pump would be susceptible to clogging and corrosion from the 

slurry, a Masterflex® peristaltic pump is used to deliver the slurry from a beaker onto the 

center of the pad surface through a Tygon® corrosion resistant tubing. At first the pre-set 

flow rate control of the pump needs be verified based on the tubing size. Then the 

relationship between the rotation rate of the pump drive shaft and flow rate is acquired 

and input into the LabVIEW program. In this study, 14 gauge tubing provides the flow 

rate ranging from 0 to 250 mL/min. The pump is controlled by the computer for this 

polishing system, and is connected directly to the computer through an RS-232 cable 

which enables communication to the computer without amplification. 
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2.3.8 Polisher Control System Computer Automation 

 

 

Figure 2.16: LabVIEW program control panel for polisher system 

 

Based on the calibration results, the relationships between voltage outputs and 

the settings of the operating parameters were constructed. These relationships were then 
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programmed into the LabVIEW interface. Except for the wafer rotation rate, all operating 

parameters, including slurry flow rate, applied pressure, conditioner rotation rate and 

sweep frequency, and the platen rotation rate were integrated and controlled by a personal 

computer running the National Instruments LabVIEW. The settings for operating 

parameters were directly input into the control panel of the LabVIEW program (Fig. 

2.16), and then converted into voltage outputs. The transfer of these voltage signals was 

accomplished by a shielded National Instruments connecter block which connected the 

LabVIEW control interface with the operating components of the CMP system. 

LabVIEW served not only as a data acquisition software, but also as a data analysis 

package. For example, acquired real-time load cell voltage outputs could be converted 

into real-time COF values at once. It should be noted that since voltage was what the data 

acquisition program read, the code had to be programmed as variations to that voltage so 

that a zero volts reading turned off the respective component.  

 

2.4 Infra-Red (IR) Temperature Measurement 

It is very difficult to accurately measure the temperature under the wafer when 

the pad and the wafer make contact and rotate together. Putting any measurement sensors 

in the pad-wafer interface will inevitably destroy the contact mechanism and therefore 

lubrication mechanism. As an alternative, IR thermography is used for recording pad 

temperature transients during the polishing. Although IR radiation cannot pass through 

the wafer carrier to catch the temperature of the wafer, IR thermography technique can 
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record the real-time temperature of the surface of the pad without causing any 

disturbance to the polishing process. The pad temperature information is often used to 

estimate the wafer temperature. 
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Figure 2.17: Schematic of IR camera measurement 

 

An Agema Thermovision® 550 infrared camera is used in this study. As shown 

in Fig. 2.17, the camera is mounted on an adjustable arm and positioned to image the 

CMP process at the leading edge of the wafer. A computer equipped with a ThermaCAM 

Researcher® 2001 software is used to control the camera to capture the temperature data. 

Figure 2.18 shows the interface connection of the PC card. The data can be analyzed later 

to track the history of temperature transient. Individual spots or areas can be selected 

from the images and the temperatures can be plotted at those locations for the entire 
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sequence. These data points are then either averaged or examined as a function of time. It 

should be noted that IR data and friction data cannot be recorded simultaneously using 

one computer, therefore two computers are employed during each polishing run. 
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Figure 2.18: Schematic of IR camera connection  

 

The IR camera is calibrated to record accurate temperature measurements based 

on the emissivity of the pad. A thermocouple is placed at the pad surface and the 

emissivity is calculated by the camera. Based on emissivity of the material and the 

distance from the lens to the sample, a temperature resolution of 0.1°C can be achieved. 

During polishing, the camera recorded the thermal images at frequency of 5 Hz at ten 

points around the leading and/or trailing edges of the wafer. Since direct thermal readings 

could not be acquired in the pad-wafer interface, the above ten points along the periphery 

of the wafer allowed for a suitable estimation of the mean process temperature 

experienced during polishing.  
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2.5 Dual Emission UV Induced Fluorescence 

CMP process refers to atomic layer removal of the wafer substrate. Roughness 

of the pad and diameter of abrasive particles in the slurry are in the order of micrometer 

or nanometer. These make it extremely difficult to measure the fluid film thickness 

between the pad and the wafer without the aid of optical techniques. Dual emission UV 

light enhanced fluorescence (DEUVEF), originally developed for the CMP process at 

Tufts University, is a non-intrusive optical measurement technique which is used to 

measure the fluid thickness at the pad-slurry-wafer interface44, ,45 46. This technology uses 

fluorescent dyes to relate the intensity of the light to the fluid film thickness. 

The slurries with two dyes are incited under the UV light, and then the emitted 

light is captured by two cameras. Both UV light sources and the two cameras are 

positioned such that they can focus on the selected area on the surface of the pad. Each 

camera is filtered to record only a narrow bandwidth of emission, specifically selected 

based on the fluorescence properties of the dyes. Only the bandwidth from 455 to 500 nm 

can pass through the filters for camera 1. Filters for camera 2 pass only the 550 nm-600 

nm bandwidth. The optics configuration allows each camera to record exactly the same 

spatial image, but in a different color. Enlarged by a 135 mm lens and filtered by a 650 

nm short filter lens to reduce low frequency noise, the image is split by a 50 mm 50/50 

cubic beam splitter. The image is filtered and finally captured by two 12-bit high 

resolution CCD (charged coupled device) cameras. Fig. 2.19 shows the camera system 
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including a top view of the optics.  
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Figure 2.19: Dual camera system: Nikon enlarging lens with an optics package mounted 

to two Photometric Sensys cameras 

(Courtesy of Prof. Chris Rogers at Tufts Univeristy) 

 

As seen in Fig. 2.19, the two cameras are aligned both orthogonally and 

rotationally to assure that each of them can see the same projection. This is necessary 

because the measurement technique requires the dividing of the digital pixel values of 

one camera’s image by that of the other’s to obtain a ratio. A rotation stage is used to 

adjust one camera relative to the other rotationally. Orthogonal alignment is 

accomplished through imaging software. The camera system is accurate to within 1 pixel, 

which is roughly 38 micron.  
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Photometrics Sensys cameras with 768 x 512 pixel CCD array are used in this 

test. The cameras have a linear response to light intensity of less than 0.1% of the 12-bit 

dynamic range. The shutters have a response time of 5 ms to open and 10 ms to close. 

Exposure time is typically 3000 ms and is controlled by shuttering the cameras. Data is 

temporally averaged over the entire exposure time. A significant amount of light is 

needed to reach the camera, otherwise the resolution will be reduced. Prior to data 

acquisition, the enlarger lens needs to be focused. Then alignment is done through the 

imaging software. To accomplish this, a piece of paper is placed beneath the glass wafer 

and a pair of images is taken. A region of interest is selected and the images from each 

camera (Fig. 2.20(a) and 2.20(b)) are cropped. These cropped images are moved relative 

to each other in the horizontal and vertical directions until they are perfectly aligned. The 

ratio of the images (Fig. 2.20(c)) shows the proper alignment of the text. The fluid film 

thickness measurement technique that utilizes this camera system will be discussed in the 

following chapter. Fig. 2.21 shows the control panel of DEUVEF in the LabVIEW 

program.  
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Figure 2.20: Alignment of cameras  

(a):image taken by camera 1;  (b):image taken by camera 2; (c): ratio of these two images 
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Figure 2.21: LabVIEW program control panel for DE-UVIF system 
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CHAPTER 3 

EXPERIMENTAL THEORY 

 

 

3.1 Tribology and It’s Application to CMP 

In 1886, Osborne Reynolds developed equations for a flooded bearing with no 

flow of lubricant out the end of the bearing. The action of lubrication with the rotating 

shaft, which drags fluid into the contact region between itself and the bearing, builds up a 

fluid pressure that carries the applied load. The fluid flow is defined by the Reynolds 

equation (Eq. 3.1), and can be derived from fundamental fluid flow dynamics, which is a 

collapsed form of the Navier-Stokes equations.  
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  (3.1) 

This is a simplified two-dimensional model. In Eq. 3.1 µ represents the bulk 

fluid viscosity, ρ is the fluid density, h is the fluid film thickness, 
x
p

∂
∂  and 

y
p

∂
∂ represent 
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the pressure gradient,  and  are the lower surface velocity components, and  and 

 represent the upper surface velocity components. The first two terms on the left hand 

side of the Reynolds equation are Poiseuille terms which describe the net flow rates 

caused by pressure gradients within the lubricated area. The third and fourth terms are the 

Couette terms which describe the net entraining flow rates caused by surface velocities. 

The first three terms on the right hand side of the Reynolds equation describe the net flow 

rates as a result of surface squeezing motion, and the final term represents the net flow 

rates caused by local compression. Assumptions made for the Reynolds equation were as 

follows:  

au av bu

bv

• Gravitational and inertial forces are neglected, 

• Lubricating fluid is Newtonian, 

• Incompressible fluid, 

• Film thickness is negligible compared to other larger dimensions, 

• No slip boundary conditions at the liquid-solid or gas-solid interfaces, 

In the nondimensionalization and reduction of the Navier-Stokes equations the 

Reynolds number is also scaled. The modified Reynolds number (scale is on the order of 

O(10-3)) can be applied to the CMP system when simplifications in the equations 

governing slurry flow are made. Reynolds number is the inertial force divided by the 

viscous force47. The definition for the CMP process is shown in Eq. 3.2. The Reynolds 

number is often used to characterize fluid flow as either laminar (Re ≤ 2200) or turbulent 

(Re > 2200) based on its absolute value. Reynolds number for CMP applications is 

typically on the order of 10-2 to 10-3.  
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In Eq. 3.2, u is the fluid velocity, h is the fluid film thickness, ρ is the fluid 

density, and µ is the fluid viscosity. In the case of CMP, the velocity is defined as the 

relative pad-wafer velocity and h is also defined as the thickness of the fluid film between 

the wafer and the pad 47. In a standard fluid flow through a pipe, friction between the wall 

and fluid can be expressed by plotting the friction factor against the Reynolds number for 

various roughness of a pipe (known as a Moody diagram)48. The Reynold’s number then 

becomes an indicator of the type of flow (laminar or turbulent) presented in the system. 

High Reynolds numbers indicate that the viscous forces become less dominant leading to 

less control of the flow. Friction factors within the CMP system cannot be interpreted in 

the same way since it is a system of friction between multiple solid surfaces.  

Tribology is the study of friction, wear, and lubrication between two solid 

surfaces, with the Stribeck curve characterizing three different lubrication regimes. 

Experiments included a lubricated journal bearing with a shaft inside. An applied load 

was added to the end of the shaft as it was spun in one direction relative to the stationary 

journal bearing (see Fig. 3.1). Shear force between the shaft and the wall of the journal 

bearing was recorded and coefficient of friction (COF) was calculated as the shear force 

divided by the normal force (Eq. 2.1) applied to the shaft. The COF was plotted against 

the Hersey number which was defined as:  
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P
unumberHersey ⋅

=
µ     (3.3) 

In the Hersey number, u represents the relative linear velocity of the shaft to the 

bearing, µ is the viscosity of the lubricant, and P denotes the applied pressure to the shaft. 

It should be noted that Hersey number is not a dimensionless parameter as it results in 

units of length. 
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Figure 3.1: Journal bearing-shaft set-up for Stribeck model 

 

3.2 Lubrication Mechanism and Stribeck Curve 

3.2.1 Lubrication Mechanism of Two-body Contact 

The amount of friction generated between two solid surfaces (for example shaft 

and journal bearing) can be related to the lubrication regime or tribological mechanism 
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based on the relationship between COF and Hersey number. The lubrication regime 

describes the level of contact between the bodies49. Various lubricating conditions such 

as boundary lubrication, partial lubrication and hydrodynamic lubrication are determined 

primarily by the fluid film thickness. 

The Stribeck curve, as seen in Fig. 3.2, is constructed by plotting COF against 

Hersey number. 
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Figure 3.2: Stribeck curve for journal bearing-shaft  

 

The first region is known as boundary lubrication, which is in the leftmost 

portion of the curve. Boundary lubrication occurs where two solid surfaces are rubbing in 

intimation contact, in the extreme case without any fluid between the surfaces. In 
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boundary lubrication, there is almost no change in COF with increasing Hersey number. 

The next region corresponds to the partial lubrication regime and lies on the portion of 

the curve where the onset of a steeply decreasing slope in COF occurs. Partial lubrication 

occurs as the velocity is increased and the pressure is deceased causing a partial levitation 

of the shaft from the journal bearing. The final lubrication regime is hydrodynamic 

lubrication where the shaft has completely separated from the journal bearing due to the 

extreme velocity and low pressure applied. In this region a full fluid film thickness exists 

between the journal bearing and the shaft50.  

 

3.2.2 Sommerfeld Number 

In CMP, a three-body contact is made instead of the two-body system as in the 

Stribeck model related to journal bearing-shaft. Even though CMP system appears to be 

very different from the model that Stribeck set-up, same principles of tribology may be 

incorporated as long as the Hersey number is re-defined to adequately build Stribeck 

curves representing the CMP system. One problem with the Hersey number is that it 

results in units of length. Since a 1:2 scaled polisher is employed for all experiments in 

this research, it is useful to work with dimensionless parameters. This enables the proper 

scaling between the scaled rotary polisher and the industrial grade tool. Hence, the 

denominator modification to the Hersey number is utilized. A characteristic length is 

added to the denominator of the Hersey number so that the number becomes a 

dimensionless parameter known as the Sommerfeld number 50, So.  

 



  

 

104

δ
µ

⋅
⋅

=
p

uSo      (3.4) 

In the above equation µ is the slurry viscosity, u is the relative pad-wafer 

average linear velocity, p is the applied wafer pressure, and δ is the effective slurry 

thickness in the pad-wafer region. Determination of u and µ are fairly straightforward as 

the latter can be measured experimentally for a given slurry, while the former depends on 

tool geometry and angular velocities of the wafer and the platen.  

In actuality, film thickness between the wafer and the pad is a complicated 

function of pad porosity, pad compressibility, velocity, pressure, slurry viscosity, and 

wafer curvature30, , , ,51 52 53 54. However, previous DEUVEFF (Dual Emission UV light 

Enhanced Fluorescence) experimental results have shown that the slurry film thickness in 

the pad-wafer region ranged from 20 to 80 microns55. This is very close to the value of 

pad roughness measured in this study by stylus profilometry. This film is considered to 

distribute the pressure and eliminate the effect caused by different grooves. Therefore the 

wafer pressure is defined as the applied down force divided by the wafer area. For 

simplicity, slurry film thickness, which varies only slightly with pressure and velocity, 

may be assumed to be equivalent to the extent of pad roughness (Ra). This approximation 

resulted in the calculated Sommerfeld number to shift to the right or to the left (i.e. 

increase or decrease with respect to the actual value of Sommerfeld number), however it 

had no effect on the overall trends of the individual Stribeck curves. The relative standard 

deviation for surface roughness was less than 10 percent for all the values measured. 
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3.2.3 Lubrication Mechanism of the CMP Process 

By plotting COF against the Sommerfeld number, the resulting graph is known 

as the Stribeck-Gumbel curve. This plot gives direct evidence of the extent of wafer-

slurry-pad contact. There are three major modes of contact which can be envisaged in 

Fig. 3.3. 
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Figure 3.3: Stribeck-Gumbel curve as it relates to the CMP system 

 

The first mode of contact is boundary lubrication where all solid bodies are in 

intimate contact with one another and COF does not depend on the Sommerfeld number. 

The second mode is partial lubrication where the wafer and the pad are partially 
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contacting each other. As the Stribeck curve transitions from boundary lubrication to 

partial lubrication, the slope of the line measuring COF becomes negative. Finally, the 

hydrodynamic lubrication mode of contact occurs at larger values of the Sommerfeld 

number where the fluid film layer totally separates the pad and the wafer, and COF once 

again becomes independent of Sommerfeld number albeit at a much lower value. 

 

3.2.4 Coefficient of Friction 

As the wafer and pad are engaged, the amount of the force required to prevent 

the sliding of the top table with respect to the bottom plate due to the friction between the 

pad and wafer is sensed and recorded by a load cell attached to the friction tables, and 

finally sent to a computer. The computer, which is equipped with the National Instrument 

LabView® software, synchronizes the force generated in the friction table to the polishing 

process so that the real-time friction data can be obtained. 

Several important parameters related to the measurement of friction force 

include total sampling number per second, sampling frequency, sampling time and 

measurement interval. Measurement interval should be equal to the ratio of total 

sampling number to sampling frequency so that all samples can be accounted once. In 

this study, friction data are recorded at a sampling frequency of 1000 per second. The 

number of samples taken per measurement is set to 1000 points. Then the record interval 

is just 1 second. Once the wafer touches the pad, friction data will be recorded 

immediately. This enables real-time coefficient of friction data to be collected during 

polishing. Figure 3.4 is an example of the total frictional force measurement obtained 
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during a 1-second interval of typical polishing run at the download wafer pressure of 2.0 

PSI and wafer rotation rate of 40 rpm.  

 

 

Figure 3.4: Shear force data for a one-second interval 

 

For a 75-second polishing run, a total of 75 such plots are generated and 

analyzed for tribological attributes. That means that 75,000 sampling points are taken 

during this given polishing process. The sinusoidal waveform is a result of the slick-slip 

from the three-body contact of the wafer, pad and abrasive particles. 

The measured total unidirectional shear force (shown in the Fig. 3.4.) as a 

function of time in each measurement interval can be broken up into two components, a 

mean force component and a fluctuating force component as shown in Eq. 3.5 below: 

)()( tfFtFshear +=     (3.5) 
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For each 1-second measurement, the mean force F represents the average of all 

1,000 sampling data points. After subtracting the baseline shear force measurement, the 

mean force F is used to calculate corresponded COF at this second. Similarly, COF at 

other 1-second measurement also can be calculated. If polishing time is 75 seconds, there 

will be totally 75 COF values obtained. Then the relationship of resultant COF values 

and each measurement interval for a given run can be constructed and shown in Fig.3.5 
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Figure 3.5: An example of COF measurement results during a 75-second Cu polishing at 

wafer down load pressure of 2 PSI and wafer rotation rate of 40rpm 

 

As shown in Fig. 3.5, for this 75 seconds polishing run with certain download 

wafer pressure and wafer-pad rotation rate, one can take the average of these individual 

75 COF values to get the average COF, which is used later in constructing Stribeck 
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curves for a specific experimental setup to determine the lubrication regime that is 

occurring during CMP.  

 

3.3 Friction Force and Pad-Wafer Relative Velocity 

As mentioned early, a scaled dual-axis rotary polisher is used to perform all of 

experiments. The platen and carrier rotate in a counterclockwise direction. This 

arrangement leads to two important features. First, near the pad center the wafer edge 

moves backwards, that is, counter to the platen rotation. Second, platen and wafer angular 

velocities may be chosen such that the backwards angular velocity of the wafer exceeds 

the forward angular velocity of the platen at the same point, such that net slurry backflow 

occurs56.  

Shown in Fig. 3.6, the pad-wafer relative velocity V at any point on the wafer 

depends on the angular velocities of the wafer and the pad, as well as the distance 

between two rotary axes. The analysis of the relative pad-wafer velocity is described as 

follows. 

Point A is a random point on the wafer. Ow is the center of the wafer. Op is the 

center of the pad. rw is the displacement between Ow and point A. rp is the displacement 

between the Op and point A. The displacement between the centers of axes (Ow and Op) is 

expressed by ro, which is parallel with the y-axis. In this case, both the wafer and the pad 

rotate counter-clockwise at the angular velocity Wwafer and Wpad respectively. The vector 

analysis is used to calculate the relative pad-wafer velocity at point A.  
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Figure 3.6: Rotary kinematic diagram for the pad-wafer relative velocity analysis 

 

Therefore,  

waferpadrel VVV
vvr

−=      (3.6) 

wwaferppad rWrW vvvv
×−×=      (3.7) 

wwaferwopad rW)rr(W vvvvv
×−+×=     (3.8) 

)WW(rrW waferpadwopad
vvvvv

−×+×=    (3.9) 

)WWif(rW waferpado
vvvv

=×=     (3.10) 

For synchronous rotations, when the pad and the wafer rotate with the same 

angular velocities and directions, the resultant vector relV
v

 (the relative pad-wafer linear 

velocity) on every point of the wafer has the same value, orW vv
× , also has the same 
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direction which is perpendicular with or
v , and points to the negative x-axis shown in the 

Fig.3.6. As a result, the shear force is also identical at all points on the wafer at all times. 

The direction of shear force points to positive x-axis which is contrary to the direction of 

the relative velocity. It is helpful in achieving the global uniformity across the whole 

wafer during polishing.  

The above analysis shows that if the line connecting the centers of the wafer and 

pad (ro) is perfectly vertical, there will be no shear force in the y-direction, and only x-

direction will have a shear force when the pad and the wafer are engaged. This is 

experimentally confirmed by recent 2 dimensional shear force measurements where force 

transducers are installed in both x and y directions and shear force is recorded. It is found 

that shear force in the y direction only accounts for 9% of the shear force in the x 

direction57. That is the reason a load cell at the x-direction is set up to measure this force, 

which is just the unidirectional force mentioned earlier.  

The formula for scaled polisher converting angular velocity in RPM to the pad-

wafer relative velocity in meters per sec already is shown in Eq. 2.16. In this study, ro is 

equal to 0.0745 m, therefore, when the pad and the wafer rotate at the same angular 

velocity of 40, 80 and 140 RPM, the corresponding relative pad-wafer velocity is 0.31, 

0.62 and 1.09 m/s respectively. 
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3.4 Cu CMP Removal Mechanism 

Both chemical and mechanical reactions occur during either oxide or metal 

CMP processes. The mechanical contribution is due to pressure and abrasion by slurry 

particles on the substrate surface. For chemical effects, the chemicals in the slurry react 

with the substrate structure, weakening the surface bonds or forming a new product layer 

that allows the material to be more easily abraded. Metal CMP slurries include strong 

etching and oxidizing chemistries to attack the metal and to dissolve them. A passivation 

agent to protect the metal surface form etching in undesired areas may also be included in 

the metal slurry. 

For example, for copper CMP, the oxidizer, such as hydrogen peroxide, NH4OH 

or APS, first reacts with the copper surface to form an oxide film. At the same time, a 

passivating chemical (complexing agent) in the slurry also adsorbs or later on reacts with 

the copper surface, preventing further oxidation of the metal. Then, the shear force due to 

contact and relative movement between the wafer, the pad and the particles, remove the 

passivation layer and oxide film from the copper surface. The fresh copper is then 

exposed and reacts with the slurry chemicals, and is worn off again, thus leading the 

gradual planarization of the wafer surface. However there are some disadvantages to the 

CMP process. The main disadvantages include metal or dielectric scratching, metal or 

dielectric corrosion or penetration with chemicals, excessive metal removal from within 

trenches and vias (dishing), excessive dielectric removal in dense arrays (erosion), and 

post-CMP slurry residual particulates. All these defects are fatal to the performance of the 

chips and extreme efforts are put forth to avoid such defects. 
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Copper CMP may be performed in either acidic or basic media, by the 

formation of two different types of chemical surface layers58. At high pH, copper will 

react to form a hydrated copper layer: 

−− +→+ e)OH(CuOHCu 22 2    (3.11) 

This hydrated layer is removed by the mechanical force of the pad asperities 

and slurry abrasives. The removal rate is faster at high areas and fresh Cu is continually 

exposed. This provides copper surface planarization and copper removal. 

In the low-pH slurry, the oxidizer (such as hydrogen peroxide or APS) rapidly 

etches the copper of high areas, and another slurry chemical (inhibitor) can adsorb on 

copper surface of lower areas to passivate the copper surface. Benzotriazole (BTA) is a 

widely used inhibitor in the slurry, which can effectively block the etching reaction and 

protect against corrosion of copper. Copper is normally etched in a solution with pH less 

than 7.0, as the copper dissolves as Cu2+ ions while oxygen is reduced. 

−+ +→ eCuCu 22      (3.12) 

−− →++ OHeOHO 442 22    (3.13) 

When BTA is present in the slurry, the copper surface of lower area is protected 

by forming a layer of copper-BTA complex: 

BTACuBTACu −→+     (3.14) 
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Then BTA protective layer can be removed by the shear force when the 

abrasive particles and the pad make the contact with the wafer. Therefore it is very 

important to achieve a balance between chemical and mechanical effects. It is most 

desirable to chemically alter the material surface to a form that is more easily physically 

removed, and then abrade/remove this altered layer using mechanical force. This 

synergism represents the most difficult challenge in CMP processing, both to achieve in a 

manufacturing environment and to fundamentally understand. The effect of inhibitor 

(BTA) on copper CMP process will be discussed in Chapter 7.  

 

3.4.1 Removal Model in CMP  

Removal rate modeling is very import to help predict the polishing performance 

such as removal rate, and surface damage. The most classical removal for CMP was 

developed by Preston in 1927 based on the glass polishing. It related the relative velocity 

(V), pressure (p), and slurry chemistry to material removal rate (RR) 59 and stated the first 

order dependence of the removal rate on pressure and relative velocity. The constant k 

incorporates all slurry and pad effects.  

RR= k P V     (3.15) 

Although Prestonian behavior is found in many cases, the CMP process for 

most oxide materials can be better predicted by certain modification to Preston equation. 

For example, Tseng and Wang60 proposed a mechanical model based on the normal and 

shear stresses occurring during CMP. The modified Preston equation is written as: 

 



  

 

115

2
1

6
5

VpKRR ⋅⋅= .     (3.16) 

In this model, the abrasive particles first were indented into the polished wafer 

to cause plastic deformation. Residues from the indentation are then carried away by the 

flowing slurry to complete a removal cycle. In this model, pressure and velocity are not 

equally weighted in determining the amount of material removed. The removal rate is 

nearly twice as dependent on pressure as it is on wafer velocity. 

Zhao and Shi 22 considered rolling and embedding of slurry particles at the pad-

wafer interface) and proposed another model for soft pads in their modified Preston 

equation. They proposed that removal rate had a p2/3dependence rather than just p. When 

the harder particles embed into softer pad, increasing the pressure will increase the wafer-

to-pad contact area and not the contact pressure. 

During polishing, the wafer makes contact with pad asperities, while the slurry 

is supplied at the interface of the pad and the wafer. The wafer surface will be exposed to 

a combination of physical contact with the pad and the abrasive particles, and flow 

contact with the slurry. CMP is a complicated process and more complex models, based 

on fluid mechanics and contact mechanics, are required to capture the fundamental 

aspects of the CMP process. 

Runnel and Renteln61 firstly proposed that the wafer and the pad were in 

intimate contact during polishing, especially at high pressure and low velocity. Then 

Runnels and Eyman52 developed another model base on the premise that there was a layer 

of fluid film under the wafer surface. This flow model used the Navier-Stokes equations 
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to solve the three dimensional pressure profile and fluid film thickness. Their results 

showed the existence of a fluid layer and sensitivity of the minimum film thickness to the 

pad rotational speed, wafer curvature and viscosity of the fluid. Another model by 

Runnels62 predicted feature scale removal rates and erosion profiles based on the pressure 

and velocity of the slurry film.  

Sundararajan63 proposed one of most complete fundamental treatments of the 

CMP process mechanism for copper CMP. The models coupled effect of the chemistry 

and the hydrodynamics of the slurry flow. Two models developed incorporated the 

lubrication model for slurry flow and the mass transport model together: The lubrication 

model indicated how the parameters interacted to determine the velocity, pressure, and 

thickness in the slurry. The mass transport model used this velocity field to predict the 

average polish rate for copper CMP.  

There are other mechanisms proposed to be responsible for the oxide and metal 

polishing. These included the surface film formation64, passivation of surface in the metal 

CMP65, dissolution under the limit of mechanical assistance66 and surface plasticity and 

dislocation67 and more.  

 

3.4.2 Development of Removal Model for Cu CMP in IPL 

Dr. Len Borucki, working with IPL at University of Arizona, develops a series 

of removal models for Cu CMP process. In these models, Cu removal follows a two-step 

process, and is described as follows: 
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Langmuir-Hinshelwood Reaction Rate Model 

During Cu CMP, Cu removal rate can be described well by a subset of the 

Langmuir-Hinshelwood model 63 summarized below. In this model, n moles of an 

unspecified reactant R in the slurry react at a rate k1 with the copper film on the wafer to 

form a product layer L on the surface, 

LnRCu k⎯→⎯+ 1      (3.17) 

The reacted layer is then removed by mechanical abrasion with a rate k2, 

LL k⎯→⎯ 2       (3.18) 

The abraded material L is carried away by the slurry and is not re-deposited. 

The local removal rate in this sequential mechanism is 

2

1
1

1
k

Ck
CkM

RR w

+
=

ρ
     (3.19) 

where Mw is the molecular weight of copper, ρ is the density and C is the local 

molar concentration of reactant. It is assumed that there is little reactant depletion so that 

C remains constant. This allows C to be absorbed into k1 and be set to unity. In Eq. 3.27, 

the rate of the chemical reaction is expressed as )kT/Eexp(Ak w−=1  with C = 1. 

Assuming that the mechanical removal rate is proportional to p × V, then pVck p=2  
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where cp is an assumed proportionality constant. In the mechanically-limited extreme, the 

polish rate is ( )pV/cMRR pw ρ=  and in the opposite limit it is ( ) 1k/MRR w ρ= . 

 

Padtherm Model 

Starting with the wafer temp for each condition, the parameters A, E, Cp in the 

removal rate expression can be calculated by minimizing the least squares error between 

the predictions and the measured removal rates. Then model was re-run under all 

conditions to get k1, k2 and removal rate. Therefore it is always important to get wafer 

temp.  

The schematic graph of the thermal model and its associated overall energy 

balance is shown in Fig. 3.7. Frictional energy generated due to abrasion was split into 

two parts, one entering the wafer, another the pad. Heat partition factor is used to 

determine the fraction of the amount of energy to enter pad and wafer. Slurry acts as a 

coolant, taking up most of the thermal energy from the wafer and then redistributing it 

over and off the pad through radial convective transport.  

Focusing on the wafer, the heat flux µk(t)pV due to friction is partitioned 

between the wafer and pad with the fraction68, 

D
Vr

. w
w

w
w

κκ

κ
γ

6270+

=       (3.20) 
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entering the wafer. In Eq. 3.20 κw is an effective thermal conductivity 

associated with the wafer (which may depend on the surface layers present), κ and D are 

the thermal conductivity and thermal diffusivity of the pad, respectively, V is the relative 

sliding speed, and rw is the wafer radius. The heat flux into the wafer is 
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Figure 3.7: Thermal model and its associated overall energy balance 
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where Tw is the local wafer temperature, Ts is the local slurry temperature, and 

hws is a heat transfer coefficient for exchange between the wafer and slurry. From Eq. 

3.20 and Eq. 3.21, it may be seen that an increase in the sliding speed V results in a 

decrease in the heat partition fraction and therefore a decline in the fraction of the total 

heat flux to the wafer. The slurry temperature field Ts in Eq. 3.21 is determined by the 

general model described elsewhere69. In this model, the slurry exchanges heat with the 

pad, wafer and air and convects it radially outward from the center of the pad with 

velocity , where r is the radius on the pad, f)rh/(f ss
02π s is the slurry flow rate and  is 

the slurry thickness between grooves. Under the wafer, it is assumed that the slurry is 

entrained by the pad with no outward convective motion. The slurry flow model is very 

rudimentary, capturing only the general outward flow. It can be seen that, all other factors 

being equal, increasing slurry flow rate f

0
sh

s increases the rate at which heat is transported 

off of the pad, resulting in cooling of the wafer due to lowering of Ts. In Eq. 3.21, the 

convective heat transfer coefficient hws between the wafer and slurry varies as the square 

root of the sliding speed. hws was estimated directly from correlation theory for pad and 

wafer rotation rates of 120 RPM (0.93 m/s). At the same separation between the pad and 

wafer centers, we can relate the heat transfer coefficient at sliding speed V to the speed at 

120 RPM, 

120
120 V

V)V(h)V(h wsws = .    (3.22) 
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The ratio of the sliding speeds in Eq. 3.22 is also the same as the ratio of the 

rotation rates. 

It is important to note the physical dependence of the variables in the removal 

rate law with this choice of k1 and k2. While the experimental value of pV can be chosen 

at will, the local wafer temperature Tw cannot since it is a function of pV through the 

boundary condition expressed by Eq. 3.21. Tw is also independently influenced by COF, 

γ2, the slurry temperature and the wafer-slurry heat transfer coefficient, so that pV does 

not completely determine the wafer temperature. 

During the model simulation, the thermal model is calibrated and compared 

with the histories of pad temp to determine the heat partition factor. Based on the 

simulated pad temperature, the wafer temperature can be estimated. It is found that the 

increase of wafer temperature is about 2 times of that of the pad temperature. However, 

Padtherm model a little overestimates the wafer temperature based on the following 

wafer temperature measurement study, where the wafer temperature is about 2-4 degree 

°C higher than that of the pad temperature70. Therefore, a new thermal model-flashing 

heating model is proposed to estimate the wafer temperature.  

 

3.4.3 Flashing Heating Thermal Model71 

Average removal rates during polishing can be modeled using a two-step 

Langmuir-Hinshelwood model (Eq. 3.17 to 3.19) that abstractly includes both a 

mechanical removal step and a rate-limiting chemical step provided that a two-step 
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mechanism is correct for the slurry chemistry. The chemical reaction step in this, or any 

other model that includes chemistry, requires a reaction temperature. The compact 

temperature formula (Eq. 3.23) was discovered to be a key part of the explanation for 

why very different rates are sometimes observed at fixed pV but for different 

combinations of p and V.  

pV
V

TT aa
β

+=      (3.32) 

In Eq. 3.33, Ta is the ambient temperature, and β and the velocity exponent a 

are fitting parameters. Extracted values of the exponent a for oxide polishing using this 

model typically fall in the range 1.6-1.872.  

Because of the relatively small contact area fraction and high actual contact 

pressure between a well-conditioned pad and the wafer under typical loading conditions, 

material removal at a fixed point on the wafer surface occurs during a series of brief 

encounters with pad asperities that last on the order of microseconds and are randomly 

separated in time73. A physical analysis of pad asperity tip heating suggests that as a 

particle-laden asperity passes over a point on the wafer, the temperature of the wafer 

surface momentarily rises or flashes above the local mean temperature. If the mean flash 

temperature increment is sufficiently large, then for activation energies in the typical 

range 0.4-0.7 eV, the surface reaction rate that occurs during and shortly after each flash 

event can dominate the mean rate between events. Thus, a detailed analysis of lubricated 

asperity heating is an important element for understanding reaction temperatures and how 
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removal rates vary under different loads and sliding velocities. The same analysis shows 

why the temperature increment in Eq. 3.23 is a power law in V. 

Consider a pad asperity that is sufficiently tall to contact the wafer once per pad 

rotation. Between encounters, heat is removed from the asperity tip by the pad bulk and 

slurry and it therefore approaches the wafer at its lowest temperature in the current cycle. 

This may be considered a thermal initial condition for the next wafer encounter. When 

the asperity encounters the wafer, a thin lubrication layer forms at the asperity tip. The 

asperity tip lubrication layer is distinct from the fluid film under the wafer – it contains 

active slurry particles and therefore has an average thickness on the order of the mean 

particle diameter or less. Heat from friction and chemical reactions is generated in the 

nano lubrication layer and transferred to the pad, wafer surface and slurry. As the asperity 

proceeds under the wafer, the tip heats up, becoming hottest when it exits the wafer. If 

the nano lubrication layer is sufficiently thin, temperature continuity implies that the 

wafer and asperity tip will have approximately the same temperature. Assuming that the 

greatest part of the wafer surface chemical reaction occurs during an encounter, the mean 

reaction temperature on the wafer surface is then approximately 

fpa TTTT ∆∆ ++= ,      (3.24) 

where  is the ambient temperature, aT pT∆  is the mean pad temperature 

increment above ambient at the wafer leading edge, and fT∆ is the mean flash 
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temperature increment due to asperity encounters. The mean pad temperature increment 

at the pad leading edge is proportional to the frictional power density, 

pVcT kbp µ=∆ ,     (3.25) 

where µk is the COF and cb is a proportionality constant that depends on time. 

Here, the steady state value of cb will be used and thus will slightly overstate the pad 

temperature increment. Values for cb can be estimated empirically from IR temperature 

data or calculated with a thermal model. By applying a simple model for surface heating, 

the flash temperature increment, averaged over the wafer surface, can be shown to be 

approximately 

pV
Vp

p
C

T k/
pa

p
f µ

γ

κπρ
ζ

21
2

=∆     (3.26) 

where  is the product of pad thermal conductivity, density and heat 

capacity, ζ is a constant that depends on tool geometry and wafer size, 

pCκρ

ap is the mean 

real contact pressure, and pγ  is the fraction of frictionally-generated heat that enters the 

asperity tip. For polishing on a k-groove pad, which mitigates hydrodynamic pressures 

that can affect ap , all of the parameters on the right side of Eq. 3.26 except for the pad 

heat partition factor γp are independent of V. Given the mean reaction temperatureT , the 

chemical rate k1 on the surface can be modeled with an Arrhenius 
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expression, , where E is the activation energy of the rate limiting 

step and A is a prefactor that is proportional to the reactant concentration. The mechanical 

rate k

)kT/Eexp(Ak −=1

2 can be modeled in several ways; for simplicity, we take it to be proportional to the 

frictional power density, pVck kp µ=2 , as suggested by Preston’s law and experimental 

observations of a linear relation between removal rate and COF in mechanically limited 

removal. If a Langmuir-Hinshelwood two-step removal model applies to the slurry 

system, then the final reaction rate has the same expression as shown in Eq. 3.19. 

 

Heat Partition Calculations 

A crucial element of the above model is the pad heat partition fraction pγ . To 

calculate this factor, a transient 3D finite element thermal model is used. This model is 

with heat advection using the geometry shown schematically in Fig. 3.8.  
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Figure. 3.8: Schematic cross section of a model for lubricated sliding between an asperity 

and a copper surface 
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The geometry includes the copper substrate, a thin copper oxide layer, the 

asperity tip, and the nanolubrication layer. The substrate in the model slides relative to 

the asperity tip with velocity V and the slurry in the lubrication layer has simple shear 

flow. These two layers together advect much of the frictional heat away from the asperity 

tip. The model is integrated in time until the total heat flux carried away by each 

component reaches steady state. The factor pγ  is then the ratio of the heat flux to the 

asperity to the total input energy density. 

The mean size s of the contact region in Fig. 3.8 is an important parameter and 

is approximated using Greenwood and Williamson theory. When the heights of the tallest 

asperities are exponentially distributed, as they often seem to be in practice, the mean 

contact area can be shown to be 

21
21

21
2 /

s/
s

/

*E
ps −= κ

λη

π ,    (3.27) 

where sη is the summit area density, sκ is the mean tip curvature, λ is the 

characteristic decay length for summit heights in the right-hand tail of the summit height 

probability density distribution, and is the effective pad modulus. The 

mean asperity contact pressure, which is needed both in the heat partition calculation and 

in Eq. 3.26, is given by 

)/(EE* 21 ν−=
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The thickness and thermal properties of the nano lubrication layer are also 

important in the heat partition calculation. Since the actual mean thickness is unknown, a 

range of thicknesses between near contact and the mean slurry particle diameter is used. 

For the dilute slurry used here, the particle size is small and the weight density is low, so 

the lubrication layer should be thin and the thermal effect of the particles negligible. For 

large particles at higher weight fractions, it is important to include their thermal effect. 

The pad heat partition fraction can be approximated very well by a power law, 

e
p

p
V

1γ
γ = .     (3.29) 

now Eq.3.26 has the following form: 

pV
Vp

p
C

T /e
a

p

pk
f 21

1 12
+⎟

⎟

⎠

⎞

⎜
⎜

⎝

⎛
=

κπρ

γζµ
∆ ,   (3.30) 

where the quantity in parentheses is the factor β in Eq. 3.23 and 2/1+= ea . 

Collecting the above equations, the mean reaction temperature for copper then has the 

form: 
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pV
Vp

p
C

pVcTT k/e
pa

p
kba µ

γ

κπρ
ζµ 21

12
+

++=    (3.31) 

where both increments are proportional to the frictional power density but the 

flash increment has an additional dependence on V-e through pγ and on p-1/2 through Eq. 

3.28. The parameters  and e also have some pressure dependence through the mean 

contact size s. Eq. 3.31 is called as the “physical” form of the flash heating model for 

copper. To simplify it into a compact form analogous to Eq. (3.31), 

1
pγ

pV)
V

c(TT kaba µβ
++= .    (3.32) 

From a fitting perspective, the main difference between the compact and 

physical forms is that the compact model does not explicitly capture the dependence of β 

and a on pressure. 

In the following chapters, the flash heating model is used to simulate and 

explain the removal rate results. 
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CHAPTER 4 

COMPARISON OF COPPER DISC AND COPPER 

DEPOSITED WAFER POLISHING 

 

 

4.1 Motivation 

Copper is the preferred metal for current and near-future interconnects, because 

of its inherently low electrical resistivity and superior electromigration (EM) resistance 

compared with aluminum. Chemical mechanical planarization of copper has enabled 

mainstream dual-damascene processes essential for the realization of ULSI devices. This 

fact, coupled with the emergence of many new types of pads and slurries for copper 

polish has made it critical to understand the chemical, mechanical and thermal attributes 

of copper polishing when used in conjunction with new consumables.  

During the ‘screening’ of copper removal rate and frictional attributes 

associated with a particular slurry or pad, copper wafers made by Physical Vapor 

Deposition (PVD) or electroplating are often used as the substrates to carry out the 

investigation. The wafers from different processes have different physical properties such 
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as grain size and degree of flatness (i.e. convexity or concavity). These physical 

properties can have an important influence on the polish process. In particular, polish 

rates are known to increase as copper film resistivity decreases, or equivalently as grain 

size increases74. In this study, copper discs and copper wafers with different grain sizes 

and varying extents of flatness were chosen in order to investigate their effects on the 

polish process. A comparative analysis in terms of coefficient of friction, lubrication 

mechanism, removal rate and pad temperature transient was performed, followed by the 

theoretical approach to explain the experimental difference between these two substrates. 

 

4.2 Experimental Procedures 

The experiments were performed on a scaled rotary polisher described in 

Chapter 2 using IC1000 K-groove pads manufactured by Rohm and Haas Electronic 

Materials and Fujimi PL-7102 slurry. The diameter of colloidal silica in the slurry was 

about 35 nm. Point-of-use slurry was prepared by adding one part of PL-7102 slurry, 9 

parts of the water and 0.3 parts of 30% by weigh t hydrogen peroxide. Slurry pH value is 

about 6.8.  

Prior to data acquisition, the pad was conditioned for 30 minutes using ultra 

pure water at a diamond disc pressure of 0.5 PSI (3447 Pa), disc rotational velocity of 30 

RPM and sweep frequency of 20 per minute. Pad conditioning was followed by a 5-

minute pad break-in with point-of-use slurry. Then a minimum of 5 dummy wafers were 

polished to ensure the proper break-in and stable surface condition of the pad by checking 
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the repeatability of coefficients of friction associated with each dummy wafer. Actual 

polishing experiments were not conducted until the COF values for each dummy wafer 

were within 5% of one another. Experiments were executed with in situ conditioning at 

the same diamond disc velocity and oscillation frequency as above. Wafer pressures and 

the relative pad-wafer velocities ranged from 1.5 to 2.5 PSI (10,342 to 17,237 Pa), and 40 

to140 RPM (0.31 to 1.09 m/s), respectively. In all cases, slurry flow rate was kept 

constant at 80 cc/min. Two replicates were run for each operating condition (pressure and 

velocity combination) in order to assess repeatability. During the experiments, all 

parameters including wafer pressure, pad rotation rate, wafer rotation rate, conditioner 

rotation rate and sweep frequency and slurry flow are controlled by a computer equipped 

with LabView code mentioned in chapter 2.  

Copper discs, with a nominal diameter of 100 mm, had a purity of 99.99 

percent. As for 100 mm copper deposited wafers, they were comprised of three layers as 

follows: 2 µm of PVD copper, on top of 100 nm of PVD Ta, overlying on 100 nm of 

thermal silicon dioxide grown on p-type silicon substrate. After polishing, the discs and 

wafers were cleaned and dried immediately. A precise Ohaus® balance (readability 0.01 

mg) was then used to measure the weight and thickness of the discs and wafers before 

and after polishing to determine the removal rate. 

During polishing, COF data were acquired as a function of time from strain 

gauge attached to a sliding table that carries the polisher described in Chapter 2. As a 

non-intrusive method, an infrared (IR) video camera with a resolution of 0.1 oC was used 

to record real-time pad temperatures at 0.2 second intervals at 10 locations near the pad 
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leading edge (shown in Fig. 4.1). Measurement of temperature and COF were taken 

simultaneously once the wafer made contact with the pad. The measurement sites were 

fixed in space at a given radial and angular position, so that the pad rotated through these 

locations during polishing. Pad sample locations 6-10 were outside of the bow wave and 

therefore provided a more accurate estimate of the pad temperature because the fluid was 

thinner and less affected by ripples75. ThermaCAM® then was used to view and analyze 

the recorded data to get the temperatures at any location and any measurement interval 

(0.2 sec in this study) on the surface of the pad. These were later used to construct the 

relationship between the temperature transient and polishing time. 
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Figure 4.1: Locations of leading edge sample points at which  

IR thermal data were measured. 

 

Each as-received copper disc had a relatively coarse surface condition. 

Therefore the disc was polished for about 15 seconds at 2 PSI and 80 RPM to achieve a 
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similar surface condition to that of the wafer. The disc was then used to carry out the 

experimental investigation. For each operating condition (e.g., a pressure and velocity 

combination), same disc was used to carry out the replicated experiments. Therefore, the 

change in the degree of flatness of the disc could be investigated. Also the results of the 

removal rates and coefficient of friction in these replicated experiments could be 

compared with each other.  

 

4.3 RESULTS AND DISCUSSION 

4.3.1 COF and Lubrication Mechanism 

The real-time COF measurement described above forms the basis of our 

tribological study. The plot of the COF vs. the Sommerfeld number known as the 

Stribeck curve gives direct evidence of the contact mechanism of the wafer and pad. 

Boundary lubrication, in which there is direct contact between the wafer and pad 

asperities, is indicted by a high and constant COF. COF data shown in Fig. 4.2 indicate 

that the tribological mechanism associated with both copper discs and copper deposited 

wafers is that of boundary lubrication over the entire range of Sommerfeld numbers 

investigated, thus justifying one of the assumptions of the flash heating model to be 

discussed later in this Chapter. That means the wafer, slurry abrasive particles and tips of 

pad asperities are in the intimate contact. Furthermore, the average COF and standard 

deviation values associated with the wafer are higher than that of the disc (0.637 ± 0.062 
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compared to 0.517 ± 0.075). In spite of this difference, it is interesting to note that the 

two curves track each other fairly well in the positions of their local minima and maxima. 
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Figure 4.2:  Stribeck curves associated with copper disc and copper wafer polishing 

 

Studies in the field of tribology relating to CMP have indicate that operation in 

boundary lubrication regimes (direct 3-body contact) lead to higher COF and removal 

rates than operating in the partial lubrication regime. In boundary lubrication, due to the 

fact that COF does not change with Sommerfeld number, the CMP process can be 

operated in a stable manner in spite of any fluctuation in pressure or velocity. However, 

due to relative high COF associated with this mechanism, the pad will undergo greater 

wear and asperity flattening thus shortening the pad life. For oxide polishing, it has been 

shown that the oxide removal rate decreases more over time for polishing under boundary 
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lubrication whereas the pads polished under partial lubrication maintains their polishing 

performance76. When polishing is controlled under the partial lubrication regime, the 

wafer and pad are not in intimate contact with one another. A fluid film layer will 

develop partially separating the wafer and the pad. In this case, a small change in the 

operating variables such as velocity or pressure will cause a large change in COF. This 

means that in this regime, process control will become very difficult due to the sensitivity 

of COF to operating condition.  

The higher COF in the case of copper wafer polishing may be related to the 

differences in the shape of the bevel, the overall shape of the wafer, as well as the 

average thickness of each substrate. The copper deposited wafer has a relatively sharp 

edge, while the copper disc has a rounded-off edge. This difference stems from the fact 

that the edge of the wafer retains its shape during polishing since the thickness of the 

deposited copper layer (~ 20 microns) is only 4 percent of the total thickness of the wafer 

(~ 500 micron). In stark contrast, during CMP the copper metal disc is polished on its 

edge as well as along its flat surface. The copper disc can be used in many sequential 

polishes, since it is formed of bulk copper rather than only having a thin copper surface 

layer. This, coupled with the fact that the polishing process used here is intrinsically 

edge-fast, causes the bevel and the extreme edge of the substrate to become progressively 

rounder, thus increasing the convexity of the metal disc with extended polishing. Figure 

4.3 shows comparison of convexities between new and used discs.  

As shown in this Fig. 4.3, along the radius of the disc from the center to edge, 

the disc thickness difference between new disc and used disc increased, which means that 
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the used disc has apparently undergone faster removal along its edge compare to its 

center and has thus become more complex. It should be noted that the observed lower 

COF associated with the disc is consistent with previous results where, during ILD 

polish, convex wafers resulted in lower values of COF compared to concave wafers55. 
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Figure 4.3:  Comparison of convexities between new and used discs 

 

Furthermore, on average the copper wafer is thicker than the copper disc by 

about 20 percent (i.e. 500 µm compared to 400 µm). The retaining ring with a thickness 

of 250 µm around the substrate being polished is at a fixed height relative to the back side 

of the wafer in the carrier. Thus, the thicker copper wafer will experience a larger 

protrusion compared to the retaining ring compared to the copper disc. As the substrate 

comes into contact with the pad, the thicker wafer with its sharper edge is more likely to 
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‘plough’ into the pad at its leading edge thus resulting in higher values of COF. The 

penetration depth of a wafer into IC-1000 pad has been reported to range between 10 to 

30 µm77, which supports this ‘ploughing’ effect. This qualitative model is shown 

pictorially in Fig. 4.4 for both types of substrates. For copper wafer, both sharper edge 

and larger thickness factors will limit relative movement between wafer and pad thus 

increasing the friction force between them. 

Rounded-off edge and increase in convexity with 

extended use … edges  are polished as well as the 

flat surface & process is intrinsically ‘edge-fast’

Disc

Rounded-off edge and increase in convexity with 

extended use … edges  are polished as well as the 

flat surface & process is intrinsically ‘edge-fast’

Disc

 

(a) 

Sharp edge … edge of wafer retains its shape since the silicon bulk 

prevents the wafer bevel to be polished & there is no extended use 

issue since wafer is used only once

Wafer
Si layer

SiO2 layer Ta layer

Cu layer

Sharp edge … edge of wafer retains its shape since the silicon bulk 

prevents the wafer bevel to be polished & there is no extended use 

issue since wafer is used only once

Wafer
Si layer

SiO2 layer Ta layer

Cu layer

 

(b) 

Figure 4.4:  A schematic of the contact and ‘ploughing’ model between the pad and  

(a) copper disc and (b) copper wafer 
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Figure 4.5 compares the variance of friction force associated with two substrates 

during polishing at different operating conditions (pressure and velocity combinations).P 

in x-axis stands for the pressure, and RPM for rotation rate. As a result, the variance 

associated with the copper wafer is significantly larger than that of the copper disc. 

Because of relative large variation in thickness of the copper discs, disc polishing would 

undergo the more extent of hydrodynamic than wafer polishing. Leading edge lift would 

decrease the contact extent among the wafer, pad and particles, thus leading to reduced 

COF and variance of shear force. 
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Figure 4.5:  Evaluation of total mechanical energy caused by stick-slip during polishing 

with copper discs and copper wafers 

 

 



  

 

139

4.3.2 Pad Temperature Transient during Polishing 

The temperature is an important factor affecting the polishing process. During 

copper polishing material removal is dependent on the rate of chemical reaction occurring 

between the slurry and the wafer surface, where chemicals first react with the surface and 

then particles abrade away the products. These chemical reactions are highly sensitive to 

the temperature in the pad-slurry-wafer interface. It has been found that high 

temperatures accelerate the reaction rate thereby increasing removal rate in both oxide or 

copper CMP24,27,78. Temperature also affects the properties of the pads, which are vital to 

removal rate and control of defects. Shear modulus of an IC 1000 polishing pad decreases 

by a factor of 3 when temperature is increased from 30 to 90 °C. This makes it easier for 

pad asperities to be compressed, thus enabling more abrasive particles to come into 

contact with the wafer surface and increasing the removal rate7. Therefore, quantifying 

the temperature and defining the role of temperature, as well as understanding the factors 

that affect the temperature has become more and more critical for the control of the 

removal rate and overall polishing performance. 

Due to the energy generated from the friction among the wafer, pad and 

abrasive particles, the temperatures of the pad and slurry will increase. At a certain wafer 

pressure (p) and wafer rotation rate (V), this increase can reach about 7 degree during a 

75 second polish. Figure 4.6 shows the temperature difference for the beginning and end 

of a polish for a high pV combination of 2.5 PSI and 1.09 m/s. Brightness on the image 

corresponds to higher temperature. It suggests that pad temperature will increase after a 

certain time polishing process.  
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Elapsed Polish Time = 3 seconds Elapsed Polish Time = 75 secondsElapsed Polish Time = 3 seconds Elapsed Polish Time = 75 seconds  

Figure 4.6: IR images of a pad surface at 2.5 PSI and 1.09 m/s  

at 3 seconds and 75 seconds respectively 

 

Figure 4.7 compares the extent of the pad temperature transients encountered 

during a 75 seconds polishing process using copper deposited wafers associated with two 

different operating condition – lowest pressure and velocity combination vs highest 

pressure and velocity combination. Even though, for each run, pad temperature was 

measured in real-time at 10 individual points around the periphery of the wafer, for 

simplicity, only one point is shown in Fig. 4.7. This typical example indicates that the 

extent of pad temperature transient is a function of the value of pV for a given process. At 

the highest value of pV, the pad temperature transient can be more than 7 °C throughout a 

75 second polishing process. While temperature did not show an appreciable change at 

the lowest value of pV.  

The mean steady state leading edge pad temperature transients corresponding to 

different values of pV are summarized in Fig. 4.8. Results show a rise in pad temperature 
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as pressure and velocity are increased since shaft work should be directly proportional to 

pV. In comparing the two types of substrates for the entire range of pressures and 

velocities investigated, the mean leading edge pad temperature throughout the run is 

approximately 1 °C higher for the copper wafers than for copper discs. This is consistent 

with the COF results noted above since higher values of COF indicate greater energy 

dissipation in the form of heat. 
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Figure 4.7: Real-time pad temperature transient during a 75 sec polishing at 1.5 PSI and 

0.31 m/s (lower curve) and 2.5 PSI and 1.09 m/s (upper curve) 
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Figure 4.8: Pad temperature transients for copper discs and copper wafers as a function of 

various pressure and pad-wafer velocity combinations 

 

4.3.3 Removal Rate Results 

Together with COF and pad temperature transient, removal rate is another 

important control parameter. For oxide polishing, the removal rate is strongly dependent 

on the applied wafer pressure and velocity based on Preston’s Equation. Removal rates 

associated with copper discs and wafers, including replicates, are plotted as a function of 

pV in Fig. 4.9. The three left-hand-most pairs of data points were taken at a relative pad-

wafer velocity of 0.31 m/s with pressure at 1.5, 2.0 and 2.5 PSI. The middle three pairs 

corresponded to 0.62 m/s, while the three right-hand-most pairs of data points were taken 

at 1.09 m/s. RMS differences between replicates are 235 A/min and 244 A/min for disc 

and wafer, respectively.  
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Figure 4.9: Removal rate for copper discs and wafers as a function of pressure  

and pad-wafer velocity. 

 

Since the wafer and disc removal rata data are very similar visually in Fig. 4.9, a 

Wilcoxon nonparametric signed rank statistical test79 was performed to test the null 

hypothesis that the wafer and disc removal rates are drawn from the same population 

against the alternative that the wafer removal rates are shifted upward relative to the disc 

removal rates. In the Wilcoxon signed rank test, rates at the same (p,V) values are paired, 

the difference is noted. The absolute values of the differences are then ranked from the 

lowest to highest and the sum of the ranks of the differences with a positive sign is 

computed. The alternative hypothesis that removal rates of copper wafers area larger than 

those of copper discs is supported only if the rank sum for the positive differences is 

large. For the present experiments, there are 18 data pairs counting replicates. Using the 
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pairing most unfavorable to the alternative hypothesis, 11 positive differences with a rank 

sum of 130 are found. This is larger enough to reject the null hypothesis that removal 

rates of copper wafers are equal to those of copper discs with better than 97% confidence. 

Therefore it can be concluded that the wafer removal rates statistically exceed the disc 

removal rate. This is consistent with a thermally activated copper removal rate and 

mechanism reported elsewhere80,81,82. 

Throughout most of operating range, removal rate increases with pV. However, 

a dropped removal rate occurs in the region corresponding to a value of pV of about 

11,000 Pa-m/sec (W/m2) which coincides with the transition from 2.5 PSI and 0.62 m/s to 

1.5 PSI and 1.09m/s. In this region, as indicated in Fig. 4.9, removal rate decreases when 

the value of pV increases, even though the tribological mechanism and the COF are 

nearly constant. During the copper polishing, removal rate not only depends on the 

pressure and velocity, but also depends heavily on the substrate temperature. Shaft work 

during polishing generates heat, which transfers to the pad, the wafer and the slurry. 

Since it is difficult to measure the real-time temperature under or on the surface of the 

substrate, a thermal model and removal rate model will be used later to predict the 

substrate temperature based on the measured pad temperature from data obtained by the 

IR camera. A proposed modified Longmuir-Hinshelwood removal rate model is applied 

to explain the observed non-Prestonian behavior. 

It is noteworthy that the extrapolated dynamic etch rates (which represent the 

true chemical removal rate in the absence of any mechanical effects) associated with both 

discs and wafers are very close to one another (see the y-intercept of the individual 
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curves in Fig. 4.9). This is not surprising since dynamic etch rate is mostly governed by 

the type of slurry used (i.e. PL-7102). 

Figure 4.10 and Fig. 4.11 decouple the effects of applied wafer pressure and 

velocity and show the dependence of removal rate associated with copper disc and copper 

wafer on velocity and pressure respectively. For both substrates, with the increase in 

velocity or applied wafer pressure, removal rate increases. From Fig. 4.10, at the lowest 

velocity of 0.31 m/s, when the pressure is raised from 1.5 PSI to 2.5 PSI, removal rate 

increases about 32% from 2051 A/min to 2717 A/min for Cu disc, and about 49% from 

2286 A/min to 3413 A/min for Cu wafer. While at the highest velocity of 1.09 m/s, 

increase rates are 64% and 97% for Cu disc and Cu wafer respectively. These are higher 

than those rates obtained at low velocity which indicates that dependence of removal rate 

on pressure is not as sensitive at low velocity than that at high velocity. Removal rate is 

more easily affected by the change of the pressure at higher velocity.  

A similar trend also can be found in Fig. 4.11. Slopes of curves of removal rate 

vs. velocity are getting larger with increasing pressure. This means that the effect of 

velocity on removal becomes more and more significant when the pressure is raised. 

The contour plot of removal rate at all operating pressures and velocities 

indicates that removal rate is more sensitive to velocity than it is to pressure, especially at 

low values of pressure and velocity. By comparing corresponding contours of removal 

rate, it is also slightly clearer visually than Fig. 4.10 that the wafer removal rate on the 

whole exceeds the disc removal rate.  
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Figure 4.10: Removal rate as a function of applied pressure at different pad-wafer 

velocity for Cu disc and Cu wafer 

 

1000

3000

5000

7000

9000

0 0.4 0.8 1.2

velocity (m/s)

R
em

ov
al

 ra
te

 (A
/m

in
)

1.5 psi
2.0 psi
2.5 psi

1000

3000

5000

7000

9000

0 0.4 0.8 1.2

velocity (m/s)

R
em

ov
al

 ra
te

 (A
/m

in
)

1.5 psi
2.0 psi
2.5 psi

Cu disc Cu wafer
1000

3000

5000

7000

9000

0 0.4 0.8 1.2

velocity (m/s)

R
em

ov
al

 ra
te

 (A
/m

in
)

1.5 psi
2.0 psi
2.5 psi

1000

3000

5000

7000

9000

0 0.4 0.8 1.2

velocity (m/s)

R
em

ov
al

 ra
te

 (A
/m

in
)

1.5 psi
2.0 psi
2.5 psi

Cu disc Cu wafer

 

Figure 4.11: Removal rate as a function of pad-wafer velocity at different applied 

pressure for Cu disc and Cu wafer 
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Figure 4.12: Removal rate contour plot associated with copper disc and copper wafer 

 

4.3.4 Grain Size Analysis of Copper Disc and Copper Wafer 

The microstructure of many engineered ceramic and metallic materials consists 

of grains. A grain is a portion of the material within which the arrangement of atoms is 

nearly identical. However, the orientation of the atom arrangement, or crystal structure, is 

different for each adjoining grain. A grain boundary, which has high bonding energy, is 

the surface that separates the individual grains.  

A Hitachi S-2460N Scanning Electron Microscopy (SEM) was employed to 

investigate differences in the grain size of the copper in the two types of substrates. 

Figure 4.13 shows 10,000 times magnified images of the two substrates. Results indicate 

that, on the average, grain sizes associated with the copper disc are significantly smaller 
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than those of the copper deposited wafer. By counting individual grains, the ratio of the 

mean grain area on the wafer to that on the disc is found to be about 2.6. The mean grain 

diameter is therefore about 1.6 times larger on the wafer than on the disc. Per unit area, 

the disc also has about 1.6 times grain boundary density as the wafer. 

 

2 microns2 microns

Cu Disc Cu Wafer

2 microns2 microns

Cu Disc Cu Wafer

 

Figure 4.13: SEM images of the copper disc (left) and the copper wafer (right) 

 

It is hypothesized that during CMP, both chemical and mechanical factors can 

interact with grain microstructure. On one hand, the chemical action of the slurry in 

oxidizing an individual copper grain (which in and of itself is a thermally activated 

process) will be faster if the grain is smaller in size. This is due to the fact that the smaller 

the grain size, the greater the number of grains and thus the greater grain boundaries 

density, and therefore the larger the surface area available for oxidizer molecules to 

adsorb and react, thus leading to faster chemical action. On the other hand, larger 
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mechanical forces (in the form of drag) would be needed to abrade away smaller grains, 

since smaller grains lead to more grain boundaries with high bonding energies. Therefore 

any dislocation or deformation of an individual grain due to drag would encounter greater 

resistance from neighboring grains thus slowing the extent of mechanical abrasion. In 

addition, if oxide removal occurs as a result of active slurry particles being dragged 

across the wafer surface by pad asperities, then grain boundaries might disrupt this 

process by dislodging active particles mechanically, turning them into inactive particles. 

A substrate with higher grain boundary density, such as the copper disc, should under this 

theory have a lower removal rate. Furthermore, if the particles involved in three body 

abrasion contribute significantly to the COF, fewer active particles should result in a 

lower COF for the disc, and this is what the experimental results show. 

This study has shown that COF does not change as a function of Sommerfeld 

number, and thus the highest drag will be experienced at the highest applied normal 

pressure. Referring to Fig. 4.9, the fact that the largest difference in removal rate between 

the two types of substrates occurs at the highest (2.5 PSI) pressure (i.e. the 3rd, 6th and 

9th set of data points) suggests that grain boundaries are disrupting the polishing 

mechanism less frequently for wafers than for discs. 

Further work is needed to explore this hypothesis through controlled studies. 

For example, copper wafers or copper discs can be annealed at different temperature for a 

certain time to allow the grains inside the discs or wafers to grow. Finally, copper discs 

and wafers with different grain sizes can be used to investigate the effect of grain size and 

grain boundary on removal rate. 
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4.3.5 Concluding Remarks 

Physical properties, such as grain size of the deposited film and the degree of 

flatness (i.e. the extent to which a wafer is shaped concave or convex) have been shown 

to affect polish performance. This comparative experiment focused on quantifying the 

differences in frictional, kinetic and thermal attributes of the polishing process associated 

with the two types of substrates (i.e. copper discs and copper deposited wafers with 

different grain sizes and shape profiles).  

The average coefficient of friction and the variance of friction force the process 

were higher for the copper deposited wafers. This difference is believed to be related to 

differences in the extent of convexity of the two types of substrates as well as differences 

in the shapes of their bevels.  

Pad temperature transients and removal rates were also slightly higher for the 

copper wafers suggesting a thermally dependent removal mechanism. Investigation of 

grain size differences indicated significantly larger grains associated with the copper 

deposited wafers compared to copper discs. The grain size differences may interact in a 

complex way with the chemical as well as mechanical attributes of the process. Further 

studies to separately identify the interaction of chemical and mechanical polishing 

components with grain size are needed. Based on these results, careful attention to copper 

grain size as well deposited film and wafer geometry is recommended in experimental 

studies of copper polishing. 
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4.4 Numerical Analysis of Removal Characteristics  

4.4.1 Flashing heat thermal model simulation resutls 

 

Table 4.1: Summary of simulation results for disc and wafer polishing 

 Cu  

Disc 

10% ∆RMS  

Interval 

Cu 

Wafer 

10% ∆RMS  

Interval 

E (eV) 0.65  0.65  

A (moles/m2.sec) 1.42E+8 (1.35E+8, 1.48E+8) 6.80E+7 (6.62E+7, 6.97E+7) 

Cp (moles/J) 4.18E-7 (3.97E-7, 4.39E-7) 4.42E-7 (4.25E-7, 4.60E-7) 

e 5.63E-1 (0, 0.98) 5.87E-1 (0.50, 0.67) 

beta 4.95E-4 (3.44E-4, 4.75E-4) 1.03E-3 (9.98E-4, 1.06E-3) 

 

The compact model shown in Chapter 3 is used to fit and analyze the removal 

rate results. Figures 4.14 and 4.15 compare the experiments with simulations for copper 

discs and copper wafers, respectively. RMS errors for the disc and wafer model fits are 

260 A/min and 170 A/min, respectively. Both of the fitting errors are comparable to the 

RMS difference between replicated. Table 1 summarizes simulation parameters for 

copper disc and wafer polishing in this investigation. Also shown in Table 1 are upper 

and lower limits within which each parameter individually can vary and still produce less 
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than a 10% increase in the RMS error. The intervals provide a measure of sensitivity and 

uncertainty in the parameter extraction. 

 

Figure 4.14: Comparison between experimental results with simulation results associated 

with copper disc polishing 

 

Simulation results capture all of the important characteristics occurring during 

polishing. In a majority of the case studies, simulated removal rate increases with the 

product of pressure and relative wafer-pad velocity. Again, the left-most three points 

correspond to relative wafer-pad velocity of 0.31 m/s, the middle set corresponds to 0.62 

m/s and the three-most three points correspond to 1.09 m/s. When products of pressure 

and velocity at two conditions are almost same, and operating parameters changes from 

one condition with lower velocity and higher pressure to the other condition with higher 

velocity and lower pressure, a removal rate drop can always be found especially for 
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copper wafer polishing case. The reason can be due to the difference of the estimated 

reaction temperatures for both substrates at these two operating conditions shown in Fig. 

4.17. The reaction temperature is the sum of both the measured pad leading edge 

temperature (Fig. 4.9) and the theoretical flash increment (Fig. 4.16).  

 

Figure 4.15: Comparison between experimental results with simulation results associated 

with copper wafer polishing 

 

At each operating condition (pV combination), the reaction temperature for the 

wafer is estimated to be higher than that for the disc by 1~2 °C. The reaction temperature 

does not monotonically increase with pV because the flash increment is a function of p 

and V separately. However, from successive groupings of three points, reaction 

temperature is strongly increasing with p at fixed V and increases more weakly with V at 

fixed p. For copper substrate polishing, substrate reaction temperature has a significant 
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effect on final removal rate. As operating conditions transfer from 2.5 PSI & 80 RPM to 

1.5 PSI & 140 RPM, the estimated reaction temperature of the substrate decreases. 

Therefore, Figure 4.16 and 4.17 help clarify the reason that at same pV value, lower 

velocity can obtain higher removal rate. This is due to the fact that higher velocity will 

decrease the substrate temperature, thus leading smaller removal rate. 

The individual values of k1 and k2 corresponding to disc and wafer obtained 

from the simulation are plotted against pV shown in Fig. 4.18 and 4.19. 
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Figure 4.16: Flash heating temperature increase during copper disc and wafer polishing 
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Figure 4.17: Simulated substrate temperature during copper disc and wafer polishing 
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Figure 4.18: Theoretical mechanical and chemical contributions to  

copper disc removal rates 
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Figure 4.19: Theoretical mechanical and chemical contributions to  

copper wafer removal rates 

 

For copper polishing, it indicates that copper removal is mechanically limited at 

the lowest values of pV and reaction limited at the higher values of pV. The k2 represents 

the mechanical rate constant while k1 represents the chemical rate computed by averaging 

k1 = A × exp(-E/kTw) over the substrate surface, where Tw is the substrate reaction 

temperature in Kelvin. As shown in these two figures, k2 can be represented by a nearly 

straight line since it depends only on pV, departing from perfect linearity due to 

variations in the COF. The copper wafer mechanical rate exceeds the disc mechanical 

rate and has a higher slope because of the higher average wafer COF. The values of k1 do 

not fall exactly on a straight line in either case because k1 depends on substrate reaction 
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temperature, which is determined by p and V individually rather than by just the product 

pV.  

Based on the Fig. 4.18 ad Fig. 4.19, both chemical rates on average increase 

gradually with the power density pV, with the chemical rate for the disc being slightly 

higher than the chemical rate for the wafer it is observed that k1 associated with copper 

disc is a little larger than k1 associated with copper wafer (Fig.4.20).  
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Figure 4.20: Comparison of values of chemical reaction factor k1 associated with copper 

disc and copper wafer polishing 

 

Though copper disc temperature is lower than copper wafer temperature, 

chemical reaction rate of disc still is faster due to a larger value of A (1.50E+8 for copper 

disc compared to 6.80E+7 for copper wafer). It is well known that the chemical reaction 
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rate depends on both temperature and A, and the latter is related to the surface condition 

of the substrate. The chemical rate at which the slurry oxidizes the surface, for example, 

should increase as the grain boundary density increases since grain boundaries provide 

more favorable, high energy reaction sites (due to broken or unresolved bonds) for oxide 

growth compared with a defect-free surface. From the model simulation results, the ratio 

of the chemical pre-exponential factor A for the disc to that of the wafer is about 2.2. 

This is close to the estimated ratio of 1.6 between the corresponding grain boundary 

densities.  

 

4.4.2 Concluding Remarks 

Based on coefficient of friction, removal rate and pad temperature analysis 

associated with copper disc and copper deposited silicon wafer during the polishing, a 

Langmuir-Hinshelwood model with both mechanical and chemical rate components is 

employed to explain the observed non-Prestonian behavior at a certain value of pressure 

and velocity combination. A flash heating thermal model is used to simulate the substrate 

temperature. The model decouples the total removal rate into two components, 

mechanical and chemical one. For the copper polishing, the process is that of mechanical 

limited at low pV, chemical limited at high pV. Investigation of grain size indicates 

significantly that larger grains associated with the copper wafers compared to copper 

discs. The effect of grain size on the chemical reaction rate of the substrate is confirmed 

by theoretical analysis of k1 and k2. Chemical reaction rate of the disc is larger than that 

of wafer, which is thought due to the fact that smaller grain sizes or a higher density of 
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grain boundaries may enhance the chemical rate by providing a higher density of 

favorable reaction sites. Offsetting this, grain boundaries may reduce the mechanical rate 

by increasing the probability of disruption of three body sliding contact between the 

wafer, asperities, and slurry particles. Overall, this leads to a slightly lower removal rate 

for copper discs than for copper wafers. 

 

4.5 Conclusion 

The average COF is higher for the copper deposited wafers. Pad temperature 

transients and removal rates are also slightly higher for the copper wafers. The process is 

mechanically limited at low pV, and chemically limited at high pV for both copper wafer 

and disc polishing processes. Chemical reaction rate is larger during polishing with discs 

because of smaller grain sizes which causes a higher density of grain boundaries. 

However, too many grain boundaries may reduce the mechanical rate by disruption of 

three body sliding contact between the wafer, asperities, and slurry particles. Overall, this 

leads to a slightly lower removal rate for copper discs than for copper wafers. 
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CHAPTER 5 

EFFECTS OF SLURRY FLOW RATE ON THE 

TRIBOLOGICAL, THERMAL AND REMOVAL RATE 

ATTRIBUTES OF COPPER CMP 

 

5.1 Motivation 

Slurry is one of important consumables during CMP. On the one hand, 

chemicals and abrasive particles in the slurry provide chemical and mechanical forces on 

the substrates during polishing. On the other hand, the slurry itself acts as a medium, 

which transfers the heat generated by the friction among the pad, the wafer and the 

particles. Certain CMP processes such as silicon polishing and copper polishing are 

exothermic72,82, which lead the temperature increase at the wafer pad interface. The 

increase in temperature not only changes the reaction kinetics of the slurry with the 

wafer, also the characteristics of the pad. In addition, debris removed from the wafer is 

efficiently transported away from the surface by the slurry flow, thus minimizing re-

deposition and improving WIWNU.  
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Slurry flow rate affects the wafer temperature, fluid pressure development under 

the wafer, as well as the hydrodynamic characteristics at the pad-wafer interface, thus 

leading a determinant effect on the removal rate and uniformity. Previous study showed 

that as slurry flow increases, mean residence time (MRT) of the slurry under the wafer 

decreases, which caused a constantly replenishing supply of fresh slurry to be present at 

the wafer surface26. However, not all of the slurry dispensed onto the pad entrained 

beneath the wafer. Centrifugal forces spin fluid off the pad and the conditioner pulls or 

drags slurry away from the wafer. The actual flow rate of slurry entering the wafer is 

considerably less than the nominal flow rate. MRT study mentioned above indicated that 

at low relative pad-wafer velocity, the actual slurry flow rate increased by 70 percent 

when nominal flow rate was doubled, whereas at high relative pad-wafer velocity, it only 

increased by 30 percent. The efficiency of slurry entrainment decreased as slurry flow 

rate increased, thus indicating a larger percentage of the slurry was wasted at higher flow 

rate. It was also found that COF decreased as slurry flow rate increased during Silicon 

polishing83. In this investigation, the effect of slurry flow rate on the process is 

investigated as it is related to COF and lubrication mechanism, removal rate and pad 

temperature transients. The relationship between slurry flow rate and tribological as well 

as thermal characteristics of the polishing process is constructed in order to achieve the 

optimal polishing performance while prolonging pad life. 

It should be noted that slurry consumption is a serious issue. Slurry costs per 

wafer are responsible for more than one-third of the total cost of ownership (CoO). 

Therefore, it is very critical to reduce the slurry flow rate without compromising polish 
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performance, which is helpful in reducing the CoO and lessening the burden on copper 

waste treatment.  

 

5.2 Experimental Procedure 

Experiments were performed on a scaled version of a Speedfam-IPEC 472 

polisher using IC-1000 k-groove pads and Fujimi PL-7102 copper slurry containing 

hydrogen peroxide as the oxidant. Details of the experimental apparatus are described in 

Chapter 2. Copper discs, having a nominal diameter of 100 mm and a purity of 99.99 

percent were used as substrates. Previous studies mentioned in Chapter 4 had shown that 

in terms of COF and removal rate, copper discs were a viable alternative to copper 

deposited silicon wafers for tribological, thermal and kinetic investigations.  

As described in Chapter 4, prior to data acquisition, the pad was first 

conditioned for 30 minutes using ultra pure water at a nominal diamond disc pressure of 

0.5 PSI, disc rotational velocity of 30 RPM and sweep frequency of 20 per minute. Then 

a 5-minute pad break-in was followed with point-of-use slurry. Once the surface 

condition of the pad was stable, experiments were executed. Three nominal wafer 

pressures and relative pad-wafer velocities were 1.5, 2.0 and 2.5 PSI and 0.31, 0.62 and 

1.09 m/sec (40, 80 and 140 RPM), respectively. Slurry flow rates were 60, 80 and 140 

cc/min. These corresponded to flow rates of 161, 215 and 377cc/min on the 200-mm 

IPEC 472 polisher. Two replicates were performed for each operating condition (pressure 

and velocity combination) in order to assess repeatability 
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An infrared video camera was used to record pad temperatures at 0.2 second 

intervals at 10 fixed locations near the pad at the leading edge. Real-time coefficient of 

friction data were taken simultaneously along with real-time infrared thermal 

measurements. Removal rates were calculated by determining the weight of the copper 

disc prior to, and after, polishing. 

 

5.3 Results and Discussion 

5.3.1 COF and Lubrication Mechanism 

Figure 5.1, 5.2 and 5.3 show the Stribeck curves associated with the three flow 

rates.  
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Figure 5.1:  Stribeck curves at slurry flow rate of 60 cc/min 
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Figure 5.2:  Stribeck curves at slurry flow rate of 80 cc/min 
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Figure 5.3:  Stribeck curves at slurry flow rate of 140 cc/min 
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Over the range of Sommerfeld numbers considered, all these three Stribeck 

curves have slopes that are nearly zero. This implies that the tribological mechanism 

across the range of Sommerfeld numbers investigated is the same in these three cases. 

The mean COF values at 60 and 140 cc/min are 0.474 and 0.491, respectively, while at 

80 cc/min, it is only slightly higher at 0.517. COF values of this magnitude, coupled with 

the relatively flat shape of the Stribeck curves, indicate the tribological mechanism to be 

that of ‘boundary lubrication’ in which abrasive particles, pad asperities and the surface 

of the wafer are all in direct contact with one another. 

Figure 5.4 shows the examples of the real-time friction force measurements 

during 1 second polishing at different slurry flow rates. The variances of the frication 

force (unit of lb2) at the slurry flow rate of 60, 80 and 140 cc/min are 1.89, 4.85 and 2.34, 

respectively. 

Both average COF value and the friction force variance increase when slurry 

flow rate increases from 60 to 80 cc/min, then decreases when flow rate is further raised 

to 140 cc/min. This is due to the variation of the three-body contact area among the pad, 

the wafer and abrasive particles caused by flow rate. When the slurry flow rate is small, 

for example at 60 cc/min, the pad surface is not fully occupied by abrasive particles. With 

the increase of the slurry flow rate, more abrasive particles enter the interface between 

the pad and the wafer and cause more ‘stick-slip’ movements when the wafer and the pad 

move relative to each other during polishing, thus leading to a larger shear force and 

hence a larger COF, as well as a larger force variance. When slurry flow rate is gradually 

increased, the pad surface sites continue to be occupied by abrasive particles. When the 
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surface sites of the pad are fully occupied, increasing slurry flow does not increase the 

contact area between the pad and the particle (shown as Fig 5.5). At a slurry flow rate of 

140 cc/min, the pad surface is fully saturated and increasing slurry flow rate will enhance 

the lubricity of the system, thus reducing the shear force and COF, as well as the variance 

of the friction force. 

 

60 cc/min

80 cc/min

140 cc/min

60 cc/min

80 cc/min

140 cc/min

 

Figure 5.4: Friction forces measurement during 1 second polishing 

at different slurry flow rates 
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Figure 5.5:  Contact mechanism between the pad and abrasive particles  

(Left: low slurry flow rate, Right: High slurry flow rate) 

 

Dual emission UV enhanced fluorescence (DEUVEF), a technique which is 

used to measure the film thickness underneath the wafer, shows that the film thickness 

under the wafer increases with the slurry flow rate. The detail of DEUVEF measurement 

technique and its application will be discussed in Chapter 9.  

Figure 5.6 plots the COF variation with different slurry flow rates at a constant 

wafer pressure (2.0 PSI) and relative pad-wafer velocity (0.62 m/s). Results indicate that 

increasing flow rate reduces COF, which is due to the rather large variation in thickness 

of the copper discs in the radial direction (Fig. 4.3). At higher flow rates, the additional 

fluid slightly lifts the leading edge of the disc, reducing both the COF and the variance of 

the shear force. The measured COF value decreases from 0.505 to 0.450 when flow rate 

increases from 80 to 140 cc/min. This observation, coupled with the fact that slurry flow 

rate does not affect the lubrication mechanism, is significant because it shows that slurry 

flow rate can be used to modulate average COF without changing the lubrication 

mechanism. This is the key to isolating and studying the effect of COF on removal rate 

without having to worry about potential changes in the lubrication characteristics of the 
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process with changes in flow rate. In addition, the relationship between COF and slurry 

flow rates can be used to optimize the polish process while potentially prolonging pad 

life. 
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Figure 5.6: COF data at different slurry flow rates (2 PSI and 1.09 m/s) 

 

5.3.2 Removal Rate Results 

Removal rate is an important indicator of polishing performance. Throughout 

the course of this study, removal rate data is represented in two ways. First, comparisons 

of removal rates at different slurry flow rates under different operating conditions (every 

wafer pressure and wafer-pad relative velocity combination) are shown in Fig. 5.7. In 

Fig. 5.7, the x-axis lists all operating conditions. For example, 1.5P40R denotes that 

applied wafer pressure is 1.5 PSI, and the rotation rate of the pad is 40 RPM. Results 
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indicate that copper removal is fastest at 80 cc/min. The removal rate at 140 cc/min is 

larger that that at 60 cc/min. The removal rates averaged from all operating conditions at 

60, 80 and 140 cc/min are 3283, 4277 and 3659 A/min, respectively.  

Then removal rate is plotted as a function of pV at each slurry flow rate. Again, 

the three left-hand-most pairs of data points corresponded to a relative pad-wafer velocity 

of 0.31 m/s. The middle three pairs corresponded to 0.62 m/s, while the three right-hand-

most pairs of data points were taken at 1.09 m/s. Figures 5.8 to 5.10 indicates that 

removal rates at these three flow rates do not increase monotonically with pV. Removal 

rates become more sensitive to pressure as the velocity increases and more sensitive to 

velocity as the pressure increases. At the conditions of high wafer and pad-wafer 

velocity, a small variation in velocity or pressure can cause a noticeable change in 

removal rate.  
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Figure 5.7: Removal rate comparison at different flow rates 
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The Non-Prestonian behavior occurs at the region corresponding to a pV value 

of about 11,000 Pa-m/sec (W/m2) which coincides with the transition from 2.5 PSI and 

0.62 m/s to 1.5 PSI and 1.09m/s. There is a notable drop in the removal rate at the higher 

velocity at all three flow rates. The drops are about 28% (from 4150 to 3020 A/min), 12% 

(from 5250 to 4610 A/min), and 31% (from 5050 to 3500 A/min), respectively. This drop 

is more pronounced at the highest flow rate. Based on the conclusions got from Chapter 

4, the removal rate drop is speculated to be due to the change of the substrate reaction 

temperature. A detailed flash heating thermal model simulation is performed in the 

following sections to verify this speculation.  
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Figure 5.8: Removal rate as a function of pV at slurry flow rate of 60 cc/min 
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Figure 5.9: Removal rate as a function of pV at slurry flow rate of 80 cc/min 
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Figure 5.10: Removal rate as a function of pV at slurry flow rate of 140 cc/min 

 

 



  

 

172

5.3.3 Pad Temperature Analysis 

An infrared (IR) video camera was used to record pad temperatures near the pad 

leading edge (shown in Fig. 4.1). Pad sample locations 6-10 are outside of the bow wave 

and therefore provide a more accurate estimate of the pad temperature. Location 6 

corresponds to the point closest to the center of the pad, while location 10 corresponds to 

the point nearest the perimeter. Location 7 to 9 ranges between location 6 and 10.  

Figure 5.11, as an example, shows the temperatures measured at locations 6 and 

10 at slurry flow rate of 80 cc/min, pressure of 2.5 PSI and pad-wafer velocity of 1.09 

m/s. Temperatures at locations 7-9 fall between these curves and are not shown for 

clarity. It can be seen that the pad temperature increases with polishing time and has not 

yet reached steady state during the 75 sec polish and that there is a 0.33 Hz oscillation in 

the temperature that is particularly obvious at sample location 6. The frequency of the 

oscillation is the same as the half-sweep frequency of the conditioner, suggesting that this 

is a thermal signature of the conditioning process. Therefore, each 0.33 Hz temperature 

peak is related to a decrease in flow to the bow wave and each peak is accompanied by an 

increase in COF. Also shown in the figure is the measured COF. Since the sampling 

frequency of the COF measurement is very high, each point plotted is the mean of 1,000 

measurements. The COF for this particular run has a low frequency oscillation and a 

general upward trend that is consistent with the gradual increase in the pad temperature. 

While the upward trend is visibly correlated with the thermal data, the low frequency 

oscillation is not.  
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Figure 5.11: An example of real time pad temperature and COF measurement 

 

Based on the pad temperature measured at each operating condition, the pad 

temperature transient data corresponding to different slurry flow rates are shown in 

Fig.5.12 as a function of pV. Pad temperature transient for a given polishing run is 

defined as the difference between the final temperature of the pad at the end of the 75-

second polishing interval and the average temperature of the pad at the beginning of the 

process. As a general trend, real-time thermal mapping of the pad surface indicates a rise 

in the pad temperature with increasing values of pV. The pad temperature transients 

associated with slurry flow rate of 60 and 80 cc/min are always larger than those with 

slurry flow rate of 140 cc/min. However, pad temperature transient can not explain the 

observed removal rate drop and removal rate difference among different slurry flow rates.  
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Figure 5.12:  Pad temperature transients as a function of various pressure and pad-wafer 

velocity combinations at three slurry flow rates 

 

5.4 Theoretical Analysis of Removal Rate and Thermal 

Characteristics  

The rate of copper removal in CMP depends on both physical and chemical 

processes. It may consequently be either mechanically limited or reaction rate limited. 

Since the reaction for copper oxide formation has an activation energy of only 0.5 to 0.7 

eV, a temperature increase of 10 °C during a 1 minute process is sufficient to double the 

removal rate in a reaction rate limited process, and fluctuations of only 1 °C should be 

noticeable. During polishing, the heat energy is generated due to the contact and friction 

force between the pad, the wafer and the slurry. The majority of this frictional energy 
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heats the wafer and the rest heats the pad. The slurry simultaneously acts as a coolant, 

taking up most of the thermal energy from the wafer and then redistributing it over and 

off the pad through radical convective transport. According to a proposed Langmuir-

Hinshelwood two-step removal rate model, the chemical reaction rate for a copper CMP 

process is dependent on the reactant concentration and the substrate temperature. Thus, it 

is important to understand factors that affect the temperature and slurry distribution 

during polishing at different flow rates and operating conditions.  

 

5.4.1 Minimum Slurry Flow Rate 

As mentioned above, when the slurry is injected onto the interface of the wafer 

and the pad, the oxidizer in the slurry will absorb and react with the available grain sites 

of the copper substrate. However, certain minimum flow rate is needed to fill the gap 

between the pad and wafer (Fig. 5.13). The minimum for a plain pad can be calculated 

from the thin film solution to the Navier-Stokes equations that is used to derive the 

Reynolds equation84.  

This minimum slurry flow rate can be approximately expressed using the 

following equation 

wwp rCQ 0min δΩ= ,     (5.1) 

where Ωp is the pad rotation rate, Cw is the distance from the pad center to the 

wafer center, rw is the wafer radius, and δ0 is the separation between the wafer and the 

mean plane of the pad surface (not counting grooves) at the wafer center. 
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Therefore the above formula is the half value of the relative sliding speed 

timing the cross sectional area of the gap. For example, at 140 RPM with a 4 inch 

diameter wafer centered 3 inch from the pad center at a pad-wafer separation under load 

of 20 micrometer, the minimum slurry flow rate is about 68 cc/min.  
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Figure 5.13: Schematic of slurry flow at the interface of the wafer and the pad to 

fill the gap between the wafer and the pad 

At lower flow rates, not enough new slurry is supplied to meet the 

hydrodynamic requirements for filling the gap. This should result in a decrease in the 

removal rate due to reactants and abrasive particles depletion. With the increase of the 

slurry flow rate, the more slurry enters the pad-wafer interface. The excess slurry will fill 

the gap between the pad and carrier ring. The more the flow rate exceeds the minimum, 

the more completely the slurry will fill the gap under the ring. The pressure caused by the 

resulting Rayleigh step then gradually tilts the carrier up (Fig. 5.14). However, it should 

be noted that when the carrier tilts up with the increased slurry flow rate, more slurry is 

needed to fill the gap since the separation between the wafer and the plain surface of the 

pad also increases. Therefore, it is possible that there is slurry depletion occurred even 

though the slurry flow rate is relatively high. It will inevitably cause the removal rate 
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drop. In addition, the reduced mean residence time (MRT) due to larger slurry flow rate 

and the cooler system due to the heat transfer by the slurry also contribute to the removal 

rate. 
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Figure 5.14: Schematic of slurry tilting the carrier up when slurry flow rate  

exceeds the minimum 

 

Film thickness measurement using DEUVEF technique shows that the thickness 

increases with the flow rate. The wafer tilts toward the center of the pad, and tilt angle 

decreases with the slurry flow rate (Details in Chapter 9). If capillary forces adhering the 

wafer to the backing film are stronger than to the pad, the removal rate then drops. 

Therefore the variation of slurry flow rate is related to the changes of process parameters 

including the substrate temperature, the reactant concentration, and the fluid pressure 

development under the wafer, thus having an effect on the material removal rate.  
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5.4.2 Flash Heating Model Analysis  

Figures 5.15 and 5.17 show the removal rate simulation results at different 

slurry flow rates and compare them with experimental results. Table 1 summarizes 

simulation parameters at different slurry flow rates in this investigation. RMS errors are 

246, 242, and 195 A/min at the slurry flow rate of 60, 80 and 140 cc/min, respectively. 

All fitting errors are comparable to the difference between replicates. The model captures 

the upward trend in removal rate with pV, the reduction in removal rate with increased 

slurry flow at higher values of pV, and the downward transition that occurs between 0.62 

and 1.09 m/s.  

 

Table 5.1: Summary of simulation results 

 60 cc/min 80 cc/min 140 cc/min 

E (eV) 0.65 0.65 0.65 

A (moles/m2.sec) 1.42E+8 1.42E+8 1.42E+8 

Cp (moles/J) 2.27E-7 4.18E-7 2.33E-7 

e 1.60E+0 5.63E-1 2.18E+0 

beta 1.24E-3 4.09E-4 1.37E-3 
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Figure 5.15: Comparison between experimental results with simulation results  

at 60 cc/min 

 

Figure 5.16: Comparison between experimental results with simulation results  

at 80 cc/min 
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Figure 5.17: Comparison between experimental results with simulation results  

at 140 cc/min 

 

Again the observed non-Prestonian behavior is due to differences in the 

estimated substrate temperatures at these two operating conditions. Substrate 

temperatures decrease when operating conditions change from high pressure & low 

velocity to low pressure & high velocity due to the fact that high velocity increases the 

convective cooling of the substrate. Therefore, higher removal rate is found at lower 

velocity.  

It should be noted that the variance of Cp and therefore k2 follows the removal 

rate variation. Figure 5.19 shows the k2 values at different slurry flow rates. The 

mechanical rate increases when slurry flow rate is raised from 60 to 80 cc/min, and 

decrease when slurry flow rate further increases to 140 cc/min. 
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Figure 5.19: Theoretical mechanical contributions to removal rates at different flow rates 

 

In the Langmuir-Hinshelwood model, abrasive particles wear off the product 

layer at the rate of k2. The mechanical rate is dependent on the three-body contact area 

among the wafer, the pad and the particles, also on the movement relative to each other. 

When slurry flow rate exceeds the minimum value, the lubricity caused by the relative 

movement among the particles counteracts the mechanical forces applied on the wafer 

surface. The average value of k1/k2 also decreases when slurry flow rate increases from 

80 to 140 cc/min. It suggests that the process is becoming more mechanically limited.  

Another reason that leads the reduced removal rate at 140 cc/min is due to heat 

transfer of the system. Since heat loss is part of the energy balance for the wafer, factors 

that alter wafer cooling are also important. When the slurry flow rate supplied to the 

system is high enough, and slurry transport is no loner a limiting factor for polishing 
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process, increasing slurry flow rate will not accelerate the reaction. On the contrary, 

because the slurry takes the frictional heat more quickly from the system, thus leading to 

a reduced removal rate. Measurement pad temperature shows the pad transient is larger at 

the slurry flow rate of 80 cc/min that that at 140 cc/min. Previous study2 where IR camera 

is used to measure the real temperature of the backside of the wafer indicated that the 

wafer transient is about 2-3 deg C higher at the most than the pad transient. Therefore, it 

is deduced that at the slurry flow rate of 140 cc/min, the wafer temperature is also lower, 

thus reducing the removal rate. 

 

5.5 Conclusions 

Chemical mechanical polishing of copper is examined experimentally and 

theoretically as a function of slurry flow rate and the product of the applied wafer 

pressure and sliding speed (pV). It is observed that under constant tribological conditions 

(boundary lubrication), the removal rate at any fixed value of pV generally decreases as 

slurry flow rate increases from 80 to 140 cc/min. This is due to synergic effects of the 

wafer temperature, slurry flow and slurry residence time under the wafer ,as well as the 

fluid pressure development beneath the wafer Removal rate increases as slurry flow 

increases from 60 to 80 cc/min. This is due to the fact that higher slurry flow rate can 

provide more reactants to the system and accelerate the replenishment of fresh particles, 

also due to the increased three-body contact area during polishing. At a fixed flow rate, it 

is further observed that removal rate does not necessarily increase monotonically with 
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pV. An observed transition in the removal rate that occurs when the rotation rate is 

changed at nearly constant value of pV is also theoretically explained as being due to a 

temperature drop at higher velocity. Trends in removal rates are explained as a function 

of pV and the wafer temperature using a Langmuir-Hinshelwood model with both 

chemical and mechanical components. When the slurry flow rate increases, the process 

becomes more and more mechanically limited.  
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CHAPTER 6 

EFFECTS OF SLURRY SURFACTANT, ABRASIVE SIZE 

AND ABRASIVE CONTENT ON THE TRIBOLOGY AND 

KINETICS OF COPPER CMP 

 

 

6.1 Motivation 

Slurry formulation is a critical factor in ensuring chemical mechanical 

planarization processes with superior yield, manufacturability, cost of ownership and 

environmental friendliness. Formulations focused on lowering coefficient of friction, and 

thus improving pad life, will lead to reduced pad consumption, higher tool availability 

and significant capital cost avoidance due to the fact that re-installing, preparing and re-

qualifying pads can take away hours of otherwise useful production time from a polishing 

tool. Furthermore, lowering coefficient of friction will help reduce chances of low k 

dielectric delamination during copper CMP, which has been identified as one of the 

major integration challenges for the 70-nm and beyond technologies85,,86. In addition, 

reducing abrasive content of the slurry without compromising performance will lead to 
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lower solids waste and will lessen the burden on copper waste treatment. This study aims 

to understand the effect of slurry surfactant, abrasive diameter and abrasive concentration 

on the frictional and removal rate attributes of copper CMP. 

 

6.2 Experimental Procedures 

Experiments were performed on a scaled rotary polisher using IC-1000 k-

groove pad. Copper discs, having a nominal diameter of 100 mm, and a purity of at least 

99.99 percent, acted as substrates. Eight hydrogen peroxide based slurries containing 

colloidal silica abrasives of varying diameters and contents were tested. One-half of the 

formulations also contained equal amounts of a proprietary surfactant. Table 1 

summarizes various features of the eight slurry formulations. 

Prior to data acquisition, the pad was conditioned for 30-minutes using ultra 

pure water at a nominal diamond disc pressure of 0.5 PSI, rotational velocity of 30 RPM 

and sweep frequency of 20 per minute. Pad conditioning was followed by a 5-minute pad 

break-in with the subject slurry. Experiments were conducted with in-situ conditioning at 

the same disc velocity and oscillation frequency as above. Three settings of applied wafer 

pressures are 1.5, 2.0 and 2.5 PSI, and two setting of the sliding velocities are 0.46 and 

1.09 m/s (corresponding to 60 and 140 RPM). In all cases, slurry flow rate was kept 

constant at 80 cc/min. 
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Table 6.1: Summary of slurry formulations 

Slurry (No) Abrasive Diameter 

(nm) 

Abrasive Content 

(wt%) 

Surfactant 

I 13 1 Yes 

II 13 1 No 

III 13 2 Yes 

IV 13 2 No 

V 35 1 Yes 

VI 35 1 No 

VII 35 2 Yes 

VIII 35 2 No 

 

6.3 Results and Discussion 

6.3.1 COF and Lubrication Mechanism 

Figures 6.1 and 6.2 show the effect of Sommerfeld number on COF for various 

slurry formulations. The three left-hand data points were taken at a sliding velocity of 

0.46 m/s with pressure at 2.5, 2.0 and 1.5 PSI, while the three right-hand data points at 

1.09 m/s. For purposes of clarity, error bars, which were no more than 5% for COF are 

not shown in the figures below. 
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Figure 6.1:  Stribeck curves corresponding to the slurry formulations I to IV 
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Figure 6.2:  Stribeck curves corresponding to the slurry formulations V to VIII 
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Figure 6.1 summarizes the tribological behaviors associated with slurry 

formulations I to IV, in which the diameter of the abrasive is 13 nm. Figure 6.2 

corresponds to the tribological behaviors of the slurry formulations V to VIII, which have 

the larger particles (35 nm in diameter). Stribeck curves show that regardless of abrasive 

diameter, changes in abrasive content (in percent by weight) have no effect on the 

tribological mechanism of the process.  

In the case of 13-nm abrasives (Fig. 6.1), the dominant tribological mechanism 

is that of partial lubrication with the surfactant-free slurries. However, at lower 

Sommerfeld numbers, the surfactant-free slurry formulations II and IV show a slight 

tendency to transfer to boundary lubrication; while at high Sommerfeld numbers, all four 

slurry formulations show a slight tendency to transfer to hydrodynamic lubrication, 

indicated by the fact that the COF does not decrease with the increase of the Sommerfeld 

number. During hydrodynamic lubrication, the pad and the wafer are completely 

separated by a layer fluid. In the case of 35-nm abrasives (Fig. 6.2), the dominant 

tribological mechanism is that of boundary lubrication.  

The significant changes in the tribological attributes of the process as a result of 

abrasive diameter are believed to be due to gross differences in abrasive concentrations 

(i.e. number of particles per unit volume of slurry) associated with the two types of 

abrasives and their weight contents in the slurry. Assuming spherical abrasives and 

following the calculation methodology87, slurries with 1 and 2 weight percent of 13-nm 

abrasives contain 5510 and 11020 particles per cubic centimeter, respectively, while 

those with 1 and 2 weight percent of 35-nm abrasives contain only 2050 and 4100 
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particles per cubic centimeter, respectively. For a given abrasive content, the significantly 

high number of 13-nm abrasives is assumed to aid in the sliding action of the copper 

wafer against the polishing pad. This sliding action causes polishing to be very sensitive 

to the variance of the pressure and the sliding velocity of the wafer. A slight increase of 

the sliding velocity or decrease of the pressure can strengthen this kind of sliding action 

to reduce COF.  

 

Effect of surfactant on COF 

Results show that COF values of the slurry formulations with surfactant are 

generally lower that those without surfactant, especially for slurries with 13 nm abrasives. 

This is due to the enhanced lubricating nature of the fatty components of the surfactant. 

At a certain concentration of the particles, the smaller the particle, the larger total surface 

areas the particles have, therefore the stronger the effect of the surfactant. Surfactant is an 

important chemical in the slurry and it serves to reduce the surface or interfacial tension 

of the liquid phase in contact with the second phase. An interface having a high 

interfacial tension is more difficult to form than one having a low interfacial tension. In 

case of CMP, surfactants can change the interaction between abrasive particles and 

solution. This allows for better particle suspension and collateral reduction of particle 

agglomeration. This is particularly important for copper CMP since copper is soft and 

easily scratched.  

 

 

 



  

 

190

Effects of abrasives concentration on COF 

The size, content and concentration of abrasive particles are related to each 

other. Figure 6.3 shows the COF value averaged for all operating conditions for each 

slurry formulation. The concentrations of the abrasive particles associated with slurry 

formulations I to IV are high (about 5510 and 11020 per unit volume), and with slurry 

formulations V to VIII are low (about 2050 and 4100 per unit volume). 
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Figure 6.3: Average COF associated with every slurry formulation 

 

For all four surfactant-containing slurry formulations (I, III, IV and VII), COF 

values at the low abrasive concentration are larger than those at the high abrasive 

concentration. This is due to the fact described below: 
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When the slurry is injected onto the surface of the pad, the abrasive particles 

adsorb on the wafer surface. As abrasive concentration increases, the contact area 

between the wafer, the pad and the particles also increase, resulting in an increased COF. 

However, with further increase in concentration, the available sites where particles can 

adsorb saturate. Then excess particles have a higher tendency to accumulate layer by 

layer at the pad-wafer interface, especially at low applied pressures. At high sliding 

velocity, the fast relative movement between the particles improves the lubricity of the 

fluid between the wafer and the pad, thus leading to a reduced COF.  

However, for four slurry formulations without surfactant (i.e. II, IV, VI and 

VIII), no such clear trend can be found. This is related to the significant COF variation 

under a partial lubrication regime for the slurry formulations II and IV. 

 

Effects of abrasives size and content on COF 

Without surfactant, the polishing process behaves very differently from one that 

contains a surfactant, especially in the case of 13 nm abrasives. Therefore, all discussion 

about effects of abrasive size and abrasive content is separated into two cases: surfactant-

containing slurry polishing, and surfactant-free slurry polishing. 

The size of abrasive particles is very important because it determines the contact 

area between the wafer and the particles. It can also affect surface defects. Figure 6.4 

compares COF values associated with four slurry formulations with surfactant. Slurries I 

and V have the same abrasive content of 1 percent by weight. The particles in slurry I are 

smaller, 13 nm in diameter compared to 35 nm in slurry V. Formulations III and VII have 
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the same abrasive content of 2 percent. The diameter of the particles in slurry III is 13 

nm. Therefore, effects of the abrasive size can be obtained by comparing slurry I to V, 

and slurry III to VII, respectively. The effects of abrasive content can be found by 

comparing slurry I to III, and slurry V to VII, respectively.  
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Figure 6.4: Effects of the size and content of the abrasive particles on COF in case of 

using the surfactant-containing slurry 

 

Figure 6.4 indicates that the slurry with the larger abrasive particles (35 nm in 

diameter) achieves a higher COF when the abrasive content is kept unchanged. This is 

likely due to the individual or combined effects of two phenomena as described below. 

By taking into account the contact model proposed by Brown88
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,3/13/1
0

−×∝ pc DCA      (6.1) 

where Ac is the total contact area between the wafer and the abrasive particle, C0 is the 

abrasive number concentration and Dp is the abrasive particle diameter. According this 

model, smaller particles have a larger surface area compared to larger particles, and 

higher abrasive concentration also will increase contact area. For a given abrasive 

content, the abrasive concentrations associated with smaller diameter particles is about 

twice more than larger diameter abrasives. Therefore smaller particles always get larger 

contact area. When the contact area is large, the wafer is more likely to make contact with 

abrasive particles ‘floating’ between wafer and pad interface and with not interact with 

the abrasive particles adsorbed on the pad surface. Therefore both larger concentration 

and small diameter of the abrasive particles will aid the lubrication process, thus reducing 

shear force. This trend is more obvious at high sliding velocity. This is because the higher 

velocity leads a larger fluid pressure drop from the leading edge to the trailing edge of the 

wafer, thereby accelerating the replacement and flow of the slurry under the wafer. 

As far as the effect of the content of abrasives on COF is concerned, the slurry 

formulation with the high content of abrasives slightly increases COF when the size of 

abrasive particles is kept constant 

Figure 6.5 compares the COF values associated with four slurry formulations 

without surfactant. At the low pV region, COF decreases with the increase of the abrasive 

size and the content of the abrasive particles, which is different from the conclusion 
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drawn from surfactant-containing slurry polishing. At the higher pV region, there is no 

clear trend is found.  

 

0.0

0.2

0.4

0.6

0.8

1.0

1.5P60R 2.0P60R 2.5P60R 1.5P140R 2.0P140R 2.5P140R

C
O

F 

II IV VI VIII

 

Figure 6.5: Effects of the size and content of the abrasive particles on COF in case of 

using the surfactant-free slurry 

 

6.3.2 Removal Rate 

Copper removal rate is dependent on several factors, such as applied wafer 

pressure, sliding velocity, COF and wafer temperature. This is in stark contrast to ILD 

polishing where COF and removal rate are strongly correlated89, thus suggesting that 

factors other than COF (i.e. chemical etching action) need to be considered in designing 

slurries with optimal copper removal rate characteristics. As shown in Fig. 6.6, for all 

 



  

 

195

combinations of pressure and velocity, when all eight slurry formulations are taken into 

account, no correlation is observed between removal rate and COF (see. Fig. 6.4) 
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Figure 6.6:  Dependence of removal rate on COF for all performed experiments 

 

Removal rates as a function of pV are plotted in Fig. 6.7 and 6.8, which 

correspond to slurry formulations with 13-nm and 35-nm abrasives, respectively. The 

three left-hand data points were taken at a sliding velocity of 0.46 m/s with pressure at 

1.5, 2.0 and 2.5 PSI, while the three right-hand data points at 1.09 m/s. For all the 

slurries, removal rates increase with the pressure or the sliding velocity. However, 

removal rates do not increase monotonically with pV.  

In Fig.6.7, when operating conditions change from 2.5 PSI & 0.46 m/s to 1.5 

PSI & 1.09m/s, there are significant removal rate drops for slurry formulation I through 

IV even though the value of pV is significantly higher at 1.5 PSI & 1.09 m/s (8015 vs. 
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11221 Pa-m/s). It also shows that the surfactant–free slurry formulation IV yields the 

largest removal rate drop among all the slurry formulations with the 13-nm abrasives. 

Slurry formulation IV has the highest particle concentration. 
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Figure 6.7: Removal rates for the slurry formulations I to IV as a function of  

pressure and pad-wafer velocity 

 

In Fig.6.8, there are also removal rate drops for slurry formulations VI, VII and 

VIII. However, a slight removal rate increase occurs for slurry formulation V at these two 

conditions. Table 6.2 lists the COF values at these two conditions for all slurry 

formulations. Therefore, the observed non-Prestonian behavior is believed to be due to 

COF and the resultant wafer temperature. Similarly, slurry formulation VIII that has the 

highest concentration of the abrasive particles and has no surfactant, shows the largest 
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removal rate drop in Fig 6.8. The fact that slurry IV and slurry VIII cause the largest 

removal rate drops is attributed to effects of the surfactant and the concentration of the 

particles on the process. 
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Figure 6.8: Removal rates for slurry formulations V to VIII as a function of  

pressure and pad-wafer velocity 

 

Surfactants are used to adjust the wetting of a liquid phase to a solid phase. 

Wetting behavior is described by the geometry of a liquid drop resting on a solid 

surface90. If the wetting is poor, the drop is readily shed from the solid surface. On the 

contrary, if the surface is well wetted, the drop spreads and the liquid is not easily 

removed. Slurry formulations IV and VIII have the highest concentration of the abrasive 

particles, and these particles have more opportunities to collide each other and get 

 



  

 

198

agglomerated if no surfactants exist. The undesired particle agglomeration increases the 

size of the particles and decreases the total surface area of the particles, thus causing a 

reduced contact area between the wafer, the pad and the particles, especially at the low 

applied pressure. The contact area is very important for material removal.  

 

Table 6.2: COF value comparison at two specific operating conditions 

COF I II III IV V VI VII VIII 

2.5PSI & 

60RPM 
0.423 0.821 0.435 0.704 0.441 0.516 0.443 0.508 

1.5PSI & 

140RPM 

0.336 0.516 0.406 0.394 0.401 0.459 0.458 0.439 

 

It also can be seen from Fig 6.8 that polishing processes using surfactant-free 

slurry formulations VI and VIII always have smaller removal rates than using surfactant-

containing formulations V and VII. This is due to the reduced contact area resulting from 

the absence of the surfactant. Under boundary lubrication, contact area plays a more 

critical role in affecting the removal rate. However, removal rates of the surfactant–free 

slurry formulations are not always smaller than those of their surfactant-containing 

counterparts during polishing with 13 nm abrasive particles (shown in Fig. 6.7). This is 

believed to due to the fact that rather than the contact area, the shear force plays a more 

important role in polishing process using the slurry with high concentration particles, 

which is under the partial lubrication mechanism control. Formulations with 13 nm 
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abrasives have much higher concentration of the particles which can contact the wafer 

and offset the contact area loss due to the absence of the surfactant. Thus it makes the 

shear force more important in determining the removal rate. 

In spite of the lower values of COF observed with the surfactant-containing 

slurries, the corresponding values of copper removal are significantly higher when 

polishing is done in boundary lubrication which corresponds to the slurry with 13 nm 

abrasives and indicates that rate enhancement due to the surfactant is most likely 

chemical, rather than mechanical, in nature thus providing a pathway to increasing pad 

life and removal rate simultaneously.  

 

Effects of Size and Abrasive Content on Removal Rate 

Figure 6.9 indicates the effects of the size and the abrasive content on removal 

rate for four surfactant-containing slurry formulations. By comparing slurry I to slurry V, 

or comparing slurry III to slurry VII, one can find that removal rate increases with the 

size of the abrasive particles when the content of the abrasive particles are kept same. 

Based on the Langmuir-Hinshelwood model, the process consists chemical and 

mechanical reactions. The mechanical rate is dependent on the average COF, the applied 

pressure and the pad-wafer relative velocity. At the same operating condition, the higher 

COF means higher mechanical rate. As discussed above, larger particles (i.e. 

formulations V and VII) have larger COF compared to the smaller particles (i.e. 

formulation I and III), therefore the larger particles lead to the higher removal rates when 

abrasives content is kept unchanged. When the substrate temperature during polishing 
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using the larger particles is higher, the chemical rate also become high. Then total 

removal rate resulting from chemical and mechanical steps will be higher for larger 

particle. If not, the ratio of the chemical rate and mechanical rate must make a balance to 

determine the removal rate. In the following section, the numerical analysis associated 

with slurry I and slurry V is shown as an example to investigate the wafer temperature, as 

well as the contributions of chemical reaction and mechanical force. 
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Figure 6.9: Effects of the size and content of the abrasive particles on the removal rate 

associated with four surfactant-containing slurry 

 

Figure 6.10 summarizes the effects of size and content of abrasive particles on 

removal rate associated with four surfactant-free formulations. For the slurry with 35 nm 

abrasive particles (slurry VI and VIII), increasing the content of the abrasive particles 
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from 1 to 2 percent decrease the removal rate due to a reduction in contact area. When 

polishing with large particles, the lubrication mechanism is that of boundary lubrication. 

Therefore contact area is an import factor in affecting removal rate. Without a surfactant, 

particles get agglomeration and decrease the extent of contact area with the wafer.  
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Figure 6.10: Effects of the size and content of the abrasive particles on the removal rate 

associated with four surfactant-free slurry 

 

6.3.3 Numerical Analysis of Copper Removal  

The compact flash heating thermal model is applied to calculate the reaction 

temperature of the wafer and to investigate the polishing mechanism for all slurry 

formulations. Simulation results agree with the experimental data very well and capture 

all of the important characteristics that occurred during polishing. Results of the slurry 
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formulations I and V are shown below as examples. The lubrication mechanism 

associated with slurry formulations I is that of partial lubrication. Boundary lubrication is 

the controlling mechanism for slurry V. Figures 6.11 and 6.12 compare the experimental 

results with simulation results for slurry formulations I and V. RMS errors for model fits 

are 58 and 53 A/min, respectively. Table 6.3 summarizes simulation parameters in this 

study. Also shown in Table 1 are upper and lower limits within which each parameter 

individually can vary and still produce less than a 10% increase in the RMS error. During 

simulation, activation energy of the chemical reaction is kept at 0.65 eV for all cases. 

 

Table 6.3: Simulation parameters for the slurry formulations I and V 

 Formulation 

I 

10% ∆RMS  

Interval 

Formulation

V 

10% ∆RMS  

Interval 

E (eV) 0.65  0.65  

A (moles/m2.sec) 1.13E+8 (1.11E+8, 1.14E+8) 1.13E+8 (1.11E+8, 1.14E+8) 

Cp (moles/J) 4.77E-7 (4.68E-7, 4.87E-7) 6.40E-7 (6.28E-7, 5.20E-7) 

e 2.52E-7 (0, 1.93E-1) 1.77E-11 (0, 8.97E-2) 

beta 4.26E-4 (3.90E-4, 4.61E-4) 4.69E-4 (4.54E-4, 4.84E-4) 
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Figure 6.11: Comparison between experimental results with simulation results associated 

with the slurry formulation I 

 

Figure 6.12: Comparison between experimental results with simulation results associated 

with slurry formulation V 
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Figure 6.13 shows the simulated substrate temperature at each operating 

condition. The wafer temperature is the sum of both the measured pad leading edge 

temperature and the simulated flash increment. For slurry formulations I and V, the 

substrate temperature at 2.5 PSI & 0.46 m/s is slightly higher than that at 1.5 PSI & 1.09 

m/s. Even though the value of pV at 1.5 PSI & 1.09 m/s is much larger than that at 2.5 Psi 

& 0.46 m/s, the observed removal rate at 1.5 PSI & 1.09 m/s does not show a large rise. 

On the contrary, only a slight increase (associated with slurry V only) or even a drop 

(associated with all other slurry formulations) is found. This suggests that at these two 

operating conditions, polishing is controlled by the chemical reaction step according to 

the proposed two-step Langmuir-Hinshelwood mode. In this case, removal rate is heavily 

dependent on the substrate temperature.  

The simulated individual values of chemical and mechanical reaction rates are 

shown in Figs. 6.14 and 6.15 corresponding to slurry formulation I and V, respectively. k2 

represents the mechanical rate constant while k1 represents the chemical rate computed by 

averaging k1 = A × exp(-E/kTw) over the substrate surface, where Tw is the substrate 

reaction temperature in degree Kelvin. When polishing using slurry formulation I, the 

process is mechanically limited at the lowest value of pV and reaction limited at the other 

conditions. When polishing using slurry formulation V, the process is chemically limited 

over the entire range of pV investigated in this study.  
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Figure 6.13: Simulated substrate temperature during polishing using  

slurry formulations I and V 
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Figure 6.14: Theoretical mechanical and chemical contributions to polishing  

using slurry formulation I 
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Figure 6.15: Theoretical mechanical and chemical contributions to polishing  

using slurry formulation V 

 

Table 6.4 lists the value of k1/k2 at every operating condition for both slurry 

formulations. The value of k1/k2 associated with slurry formulation I is smaller than that 

of slurry formulation V. This suggests that polishing with slurry formulation I is more 

mechanically controlled, whose tribological mechanism, as mentioned above, is that of 

partial lubrication, where the wafer, the pad and the abrasive particles are not intimately 

contact each other very intimately as they are in boundary lubrication.  
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Table 6.4: Comparison of ratio of chemical to mechanical rates for  

slurry formulations I and V 

k1/k2

1.5PSI & 

60RPM 

1.5PSI & 

140RPM 

2.0PSI & 

60RPM 

2.0PSI & 

140RPM 

2.5PSI & 

60RPM 

2.5PSI & 

140RPM 

Formulation 

I 
1.44 0.75 1.05 0.66 0.81 0.55 

Formulation 

V 
0.88 0.45 0.71 0.37 0.62 0.34 

 

 

6.4 Conclusions 

The effects of slurry surfactant, abrasive size, abrasive content, wafer pressure 

and sliding velocity on frictional and kinetics attributes of copper CMP were investigated 

in this study. Regardless of abrasive diameter, abrasive content did not affect the 

tribological mechanism of the process. In the case of 13-nm abrasives, the dominant 

tribological mechanism is that of partial lubrication, while in the case of 35-nm abrasives, 

the dominant tribological mechanism is that of boundary lubrication. The significant 

changes in the tribological attributes of the process as a result of abrasive diameter are 

believed to be due to gross differences in abrasive concentrations.  

Surfactant plays an important role during polishing, especially for slurries with 

13 nm abrasives. COF values of the slurry with surfactant are generally lower that those 
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of the slurry without surfactant due to the enhanced lubricating nature of the fatty 

components of the surfactant. 

No correlation was observed between removal rate and COF. For all the 

slurries, removal rates increase with the pressure or the sliding velocity. However, 

removal rates do not increase monotonically with pV. In spite of the lower values of COF 

observed with the surfactant-containing slurries, the corresponding values of copper 

removal are significantly higher when polishing is done in the boundary lubrication.  

For surfactant-containing slurries, the slurry with the larger abrasive particles 

achieves a higher COF and a higher removal rate when the abrasive content is kept 

unchanged. The content of the abrasive particles do not have a significant effect on COF 

and removal rate. 

A proposed Langmuir-Hinshelwood model and a flash heating thermal model 

are used to simulate the substrate temperature. The model decouples the total removal 

rate into two components, mechanical and chemical one. For the copper polishing, the 

process is mechanically limited at low pV, chemical limited at high pV.  
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CHAPTER 7 

EFFECTS OF SLURRY ADDITIVES ON COPPER CMP 

PROCESS 

 

 

7.1 Motivation 

Slurry additives, such as organic and inorganic acids and bases, anti-coagulating 

agents, surfactants, oxidizing agents, corrosion inhibitors, chelating and complexing 

agents, buffers and bactericides, play critical roles during polishing. The optimization and 

combination of these additives is always a challenge to satisfy the stringent requirements 

of the planarization for next-generation IC devices  

In this study, the effects of inhibitor and oxidizer are investigated in terms of 

coefficient of friction, removal rate and the resultant pad temperature transient for the 

purpose of designing the optimal slurry composition. 
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7.2 The Effect of Inhibitor 

7.2.1 Background and Motivation 

During copper polishing, oxidizers react first with the copper to form an 

oxidation layer, which is then abraded away by abrasive particles. The inhibitor is usually 

added to the slurry to interact directly with the wafer surface and to control corrosion or 

passive etching for achieving global planarity. Benzotriazole (BTA) and related 

derivatives have been widely used as the inhibitors in slurries for copper CMP. These 

compounds are characterized by a five member triazole ring consisting of three nitrogen 

and two carbon atoms fused with a six member benzene ring. During CMP, the inhibitor 

adsorbs onto the copper surface to form a protective complex film that acts as a barrier 

for the oxidizer. The mechanical action of the CMP process effectively removes this film 

on the top surface leaving the copper surface free to oxidize later. Therefore, there must 

be an appropriate balance between oxidizer and inhibitor to provide sufficient selectivity 

without reducing the overall CMP removal rate.  

In this study, a slurry containing BTA as the inhibitor was used to carry out the 

experimental investigation to understand the frictional and thermal characteristics of the 

polishing process.  

 

7.2.2 Experimental Procedures 

All experiments were performed using a scaled rotary polisher using an IC-1000 

k-groove pad and a Showa Denko (SDK) proprietary slurry with BTA as the inhibitor at a 
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concentration of 100 ppm. Colloidal silica particles with an average size of 70 nm were 

used as the abrasives and their concentration was 0.5 % in the slurry. The pH value of the 

slurry was about 9. Hydrogen peroxide was used as the oxidant and its concentration was 

0.5 % in the slurry. Copper deposited wafers were used as the substrate. All wafers had a 

nominal diameter of 100 mm, and the metal stack consisted of a 20,000-Angstrom PVD 

copper film on top of a 1000-Angstrom PVD tantalum barrier layer. An IR camera was 

used to record pad temperature during polishing.  

Prior to data acquisition, the pad was conditioned at a pressure of 0.5 PSI for 30 

minutes using ultra pure water by a 100-grit diamond disc which rotated at 30 RPM and 

oscillated at 0.33 Hz. Pad conditioning was followed by a 5-minute pad break-in with the 

slurry. The same rotational velocity and oscillation frequency were used for in-situ pad 

conditioning during copper polishing. Three polishing pressures and relative pad-wafer 

sliding velocities were used in this study, ranging from 1.5 to 2.5 PSI (10.34 to 17.24 

kPa), and 0.32 to 1.12 m/s (40 to 140 RPM), respectively. In all cases, slurry flow rate 

was kept constant at 80 ml/min. Two copper wafers were polished for 90 seconds at each 

polishing condition to confirm the experimental reproducibility.  

 

7.2.3 Results and Discussions 

7.2.3.1 COF and Lubrication Mechanism 

The Stribeck curve in Fig. 7.1 shows that the COF remains relatively constant 

ranging from 0.31 to 0.36 as a function of the Sommerfeld number. This indicates that the 
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dominant tribological mechanism in this study is that of boundary lubrication, in which 

abrasive particles, pad asperities and the surface of the wafer are all in direct contact with 

one another during the polishing process. 
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Figure 7.1:  Stribeck curve of SDK slurry with BTA as an inhibitor 

 

7.2.3.2 Removal Rate Results 

The removal rate as a function of the product of applied polishing pressure and 

relative pad-wafer sliding velocity is shown in Fig. 7.2. The removal rate exhibits a 

highly non-Prestonian behavior as it does not increase linearly with pV value, which is 

believed to be due to the presence of the inhibitor. There are three removal rate regions 

associated with the certain pV. When pV is less than 11,000 Pa-m/s, the removal rate 

increases monotonically from about 60 to 300 A/min. When pV increases from 11,000 to 
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11,555 Pa-m/s, the removal rate increases dramatically from about 300 to approximately 

3,500 A/min. When pV is larger than 11,555 Pa-m/s, the removal rate increases gradually 

from about 3,500 to 4,700 A/min. 
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Figure 7.2: Removal rate as a function of pV of SDK slurry with BTA as an inhibitor 

 

Previous studies have shown that BTA adsorbs on copper surface and reacts 

with copper to form a protection layer of Cu-BTA, preventing further dissolution of 

copper surface91~100. The estimated thickness of the Cu-BTA layer ranged from 50 to 

4000 A, depending on the BTA concentration, the solution pH and other components in 

the solution99,100. In this study, when pV is less than 11,000 Pa-m/s, a Cu-BTA layer is 

believed to be formed on the copper wafer and protects the surface from being removed, 

resulting in a low polishing rate. When pV increases from 11,000 to 11,555 Pa-m/s, this 
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inhibitor-protected layer starts to be abraded off rapidly, therefore leading to a sharp 

increase of the removal rate. This significant removal rate increase occurs when the 

sliding velocity increases from 80 to 140 rpm as shown in Fig. 7.2.  

 

7.2.3.3 Pad Temperature Transient 

Based on temperature measurements at each operating condition, the pad 

temperature transients are shown in Fig.7.3 as a function of pV. As a general trend, real-

time thermal mapping of the pad surface indicates a rise in the pad temperature with 

increasing values of pV.  
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Figure 7.3:  Pad temperature transients as a function of pV of SDK slurry 

 with BTA as an inhibitor 
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Pad temperature results show that thermal effects has minimal contribution to 

the observed significant increase in removal rate when pV values change from 11,000 to 

11,555 Pa-m/s which correspond to 2.5 PSI & 0.62 m/s and 1.5 PSI &1.09 m/s. Pad 

temperature transient can not explain the observed removal rate increase. 

 

7.2.3.4 Numerical Kinetic Analysis  

Two mechanistic models are used to simulate copper removal rates in different 

polishing regions in this study. When pV is less than 11,000 Pa-m/s, BTA adsorbs on the 

copper surface and reacts with copper to form a surface layer of BTA-Cu. Previous study 

has shown that when BTA adsorbs on copper surface, the surface layer of BTA-Cu is the 

abraded material for Cu CMP process96. Therefore, it is assumed that the mechanical 

removal of the BTA-Cu surface layer determines the copper removal rate (RR) in this 

polishing region, which is described by the Preston Equation as  

pVC
M

RR p
w

ρ
= .     (7.1) 

Mw is the molecular weight of copper, ρ is the density of copper, and Cp is an 

assumed proportionality constant.  

When pV increases from 11,000 to 11,555 Pa-m/s, the BTA-Cu surface layer 

starts to be abraded off rapidly, resulting in a dramatic increase of the removal rate. To 

simplify the simulation, it is assumed that the adsorbed BTA is removed instantly from 
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the copper surface when pV is larger than 11,555 Pa-m/s and there is minimum BTA-Cu 

layer formed on the surface, whose inhibition effect is negligible. A modified Langmuir-

Hinshelwood model mentioned in Chapter 3 is then used to simulate the copper removal 

rate in this polishing region. During the model simulation, parameters A, E and Cp are 

optimized to minimize the square of the error associated with the experimental and 

predicted values of the removal rate. Figure 7.4 shows the simulated removal rates at 

different polishing conditions, which agree very well with the experimental data.  
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Figure 7.4: Simulated removal rate results of SDK slurry with BTA as an inhibitor 

 

The optimized A, E and Cp at different polishing conditions are shown in Table 

7.1. The simulated Cp at the pV value of less than 11,000 Pa-m/s is significantly smaller 

than that at the pV value of large than 11,555 Pa-m/s, suggesting that it is much more 
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difficult to mechanically remove the inhibitor-protected layer formed on the surface. This 

is consistent with our previous modeling assumption that the mechanical removal of 

BTA-Cu determines the copper removal rate when pV value is less than 11,000 Pa-m/s.  

 

Table 7.1: Optimal values of parameters for different polishing regions  

using SDK slurry with BTA as an inhibitor 

 pV < 11,000 Pa-m/s pV > 11,000 Pa-m/s 

A (moles/m2.sec) N/A 6.16E+7 

Cp (moles/J) 5.78E-9 9.82E-7 
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Figure 7.5: Theoretical mechanical and chemical contributions to removal rates of SDK 

slurry with BTA as an inhibitor 
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Figure 7.5 shows the comparison of simulated chemical and mechanical rate 

constants (k1 and k2) in the region where p×V value is larger than 11,555 Pa-m/s. The 

chemical removal rate constant (k1) is significantly smaller than the mechanical removal 

rate constant (k2), indicating that the polishing process is chemically limited in this 

polishing region.  

 

7.2.4 Concluding Remarks 

In this study, a slurry containing BTA as the inhibitor is employed for copper 

chemical mechanical planarization. A highly non-Prestonian behavior is observed for the 

copper removal rate due to the presence of BTA in the slurry. When pV value is less than 

11,000 Pa-m/s, an inhibitor-protected layer BTA-Cu is formed on the copper surface 

rendering a very low removal rate. When pV value increases from 11,000 to 11,555 Pa-

m/s, the BTA-Cu layer starts to be abraded off rapidly from the surface resulting in a 

dramatic increase of copper removal rate. Thermal study shows that temperature effect 

has minimal contribution to this significant increase of the removal rate. Copper 

polishing rate continues to increase gradually at pV values higher than 11,555 Pa-m/s. 

The Preston Equation and a modified Langmuir-Hinshelwood model are used to simulate 

the copper removal rates in these different polishing regions. Results indicate that at pV 

values less than 11,000 Pa-m/s, copper removal is limited by the mechanical removal of 

the BTA-Cu surface layer; while at pV values larger than 11,555 Pa-m/s where the 

adsorbed inhibitor layer is assumed be removed instantly, copper polishing process 
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becomes chemically controlled. Tribological study shows that regardless of significantly 

different removal rates, lubrication mechanism remains unchanged as of boundary 

lubrication throughout the entire polishing region. 

 

7.3 Investigation of Copper Slurry with a Proprietary 

Oxidizer 

7.3.1 Background and Motivation 

During metal polishing, oxidizers react with the metal to form an oxidation layer. 

In general, most metals readily oxidize in the presence of hydrogen peroxide, potassium 

iodate, ammonium persulphate, and ferric nitrate. These are the most widely used 

oxidizers for metal CMP. In this study, a newly developed copper slurry formulation 

manufactured by Showa Denko (SDK) containing a proprietary oxidizer was used to 

investigate the frictional and thermal characteristics of the polishing process.  

 

7.3.2 Experimental Procedures 

The experiment follows the same pad conditioning and pad break-in procedures 

described above. Two types of pads, IC 1000 k-groove and JSR WSP, were used to carry 

out the experiments. The JSR pad is a non-porous, polymer-WSP (water soluble particle) 

comprised pad. Surface conditioning on the WSP pad provides enough agitation to cause 
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the particles below the pad surface to dissolve. The formation of cavities on the surface of 

the pad, as a result from the particle dissolution, act as pores to aid in slurry transport. 

The settings of the relative pad-wafer velocity were 40, 70, 110 and 140 RPM, 

corresponding to 0.31, 0.54, 0.85 and 1.09 m/s, respectively. The applied pressures were 

1.8, 2.1 and 2.5 PSI, corresponding to 12.4, 14.5 and 17.2 kPa, respectively. 

 

7.3.3 Results and Discussions 

7.3.3.1 COF and lubrication mechanism 

The Stribeck curves in Fig. 7.6 show that the COF values remain relatively 

constant as a function of the Sommerfeld number, which indicate that the dominant 

tribological mechanism in this study is that of boundary lubrication. COF values 

correspond to IC 1000 k-groove and JSR pads are not statistically different.  

 

7.3.3.2 Removal Rate Results 

Removal rate as a function of pV is shown in Fig. 7.7, where it exhibits a highly 

non-Prestonian behavior as it does not increase linearly with pV. In Fig.7.7, the four 

right-hand-most data points correspond to 1.8 PSI & 140 RPM, 2.5 PSI & 110 RPM, 2.0 

PSI & 140 RPM and 2.5 PSI & 140 RPM, respectively. The removal rates for both pad 

polishing processes increase with pV. The much higher rate associated with the JSR pad 

is likely due to pad properties or interaction of dissolved WSP with the slurry. It is 
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interesting to note that when pV is approaching about13,000 Pa-m/s (corresponding to 1.8 

PSI & 140 RPM), the removal rate saturates for both pads. 

Figure 7.8 shows the removal rate as a function of 1/V at different applied 

pressures for IC 1000 (left) and JSR (right) pad. It indicates that removal rate is nearly 

exponential with 1/V. The latter is proportional to the rotation rate or to the mean time 

between asperity encounters at a point on the wafer. As mentioned earlier, there must be 

an appropriate balance between oxidizer and inhibitor to provide sufficient selectivity 

without reducing the overall CMP removal rate. When the copper surface is bare, there is 

a competition for the surface sites between the oxidizing reaction and a passivating 

mechanism. The oxidized site would be occupied by a copper-containing molecule that is 

easily removed; the passivated sites would be occupied by a molecule that can also be 

easily removed, but with no copper. The rate at which bare sites would become 

passivated would depends on the time of the exposure. The longer the time, the more 

sites are occupied and the lower the rate. 

 

7.3.3.3 Pad Temperature Transient 

Pad temperature transients are shown in Fig.7.9 as a function of pV. In general, 

the pad temperature transient, therefore the pad temperature increases with increasing pV. 

Results indicate that pad temperature is not a determinant factor for the observed removal 

rate saturation. However, the pad temperature difference between IC 1000 and JSR pads 

can be one of reasons to cause the higher removal rate associated with the JSR pad.  
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Figure 7.6:  Stribeck curves of new SDK slurry with a proprietary oxidizer  

for IC 1000 k-groove pad and JSR pad 
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Figure 7.7: Removal rates as a function of pV associated with new SDK slurry with a 

proprietary oxidizer for IC 1000 k-groove pad and JSR pad 

 



  

 

223

0

2000

4000

6000

8000

0 1 2 3 4

1/Velocity (s/m)

R
em

ov
al

 ra
te

 (A
/m

in
)

1.8 PSI
2.1 PSI
2.5 PSI

0

2000

4000

6000

8000

0 1 2 3 4

1/Velocity (s/m)

R
em

ov
al

 ra
te

 (A
/m

in
)

1.8 PSI
2.1 PSI
2.5 PSI

 

Figure 7.8: Removal rate as a function of 1/V at different applied pressures for IC 1000 

(left) and JSR (right) pads 
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Figure 7.9:  Pad temperature transients as a function of pV associated with SDK slurry 

with a proprietary oxidizer for IC 1000 k-groove pad and JSR pad 
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7.3.4 Concluding Remarks 

For IC 1000 k-groove and JSR pads, the polishing processes using new SDK 

copper slurry containing a proprietary oxidizer are controlled by boundary lubrication. 

Removal rate using this slurry does not increase monotonically with p and becomes 

saturated at high value of pV. This is assumed to be due to the balance of the effects 

between the oxidizer and the inhibitor. There is competition for the copper surface sites 

between an oxidizing reaction and a passivating mechanism. Further investigation of the 

relationship between removal rate and 1/V, or the mean time between asperity encounters 

at a point on the wafer, indicates that the longer the time between asperity contacts, the 

greater the number of occupied sites and the lower the removal rate. Removal rate 

associated with JSR is higher, which is likely due to the nature of the pad and possibly 

interactions of dissolved WSP with SDK slurry Pad temperature associated with JSR is 

slightly higher in comparison with IC 1000 pad, which is helpful in improving the 

removal rate.  

 

7.4 Effects of Abrasive and Oxidizer Concentrations  

7.4.1 Motivation 

During polishing, abrasive particles are responsible for mechanical abrasion of 

the surface being polished, and they determine the surface-charge-related interactions 
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between the slurry, the surface being polished and the pad. For metal CMP, most of the 

chemical reactions are electrochemical in nature. Oxidizers react with the metal, resulting 

in either dissolution of the metal or the formation of a surface film on the mental. In this 

study, the GPLM 2101, copper slurry manufactured by SDK, was modified by adding 

different concentrations of abrasive and oxidizer to determine their effect on COF and 

removal rate. 

 

7.4.2 Experimental Procedures 

IC 1000 k-groove and copper deposited wafer are used to carry out the 

experiments. In all cases, the applied wafer pressure is 2 PSI and the relative sliding 

velocity is 80 RPM, corresponding to 0.62 m/s. Pad conditioning and pad break-in follow 

the same procedure as noted in previous section in this chapter. Table 7.2 lists the various 

slurry compositions used within study. 

 

7.4.3 Results and Discussions 

7.4.3.1 Effect of the Abrasive Concentration 

Figure 7.10 shows the removal rate and COF vary with abrasive concentration. 

Ammonium Persulphate (APS) is used as the oxidizer with a concentration of about 1 

percent. The inhibitor has a concentration of 0.15 percent. As abrasive concentration 

changes from 0 to 0.5 percent, COF decreases slightly. This is due to the fact that when 

there is no abrasive in the slurry, the wafer and the pad are separated by a layer of 
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abrasive-free fluid which behaves like water. The asperities of the pad make contact with 

the wafer directly, thus increasing the COF. When abrasives are injected onto the pad-

wafer surface, they contact with pad asperities and the wafer. The contact area of this 

three-body contact gradually increases with the concentration of the abrasives, thus 

resulting in a increased removal rate  
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Figure 7.10: Effect of abrasive concentration on removal rate and COF 
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Table 7.2: The various slurry compositions 

Oxidizer (%) Run # Abrasive 

(%) 

Inhibitor 

(%) APS H2O2 NaClO3

1 0.5 0.15 1.0 - - 

2 0 0.15 1.0 - - 

3 0.25 0.15 1.0 - - 

4 1.0 0.15 1.0 - - 

5 1.5 0.15 1.0 - - 

6 0.5 0.15 0 - - 

7 0.5 0.15 0.25 - - 

8 0.5 0.15 0.5 - - 

9 0.5 0.15 1.5 - - 

10 0.5 0.10 1.0 - - 

11 0.5 0.20 1.0 - - 

12 0.5 0.15 - 0.25  

13 0.5 0.15 - 0.5  

14 0.5 0.15 - 1  

15 0.5 0.15 - - 0.25 

16 0.5 0.15 - - 0.5 

17 0.5 0.15 - - 1.0 

 

7.4.3.2 Effect of APS Concentration 

In this case, the abrasive concentration is kept at 0.5 percent and the inhibitor 

concentration at 0.15 percent. Figure 7.11 shows that removal rate is maximum when 
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APS concentration is about 1 percent. Removal rate then decreases with the further 

increase in APS concentration. A similar trend is also seen for COF except where APS 

concentration is 0. The reason for a high COF in the absence of APS c is that there is no 

chemical oxidation reaction occurring at the wafer surface to form a softened oxidation 

layer. This results in a very small removal rate. However COF is large due to the fact that 

it may take more effort to abrade off the copper grain than the soft copper oxidation 

layer.  
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Figure 7.11: Effect of APS in terms of removal rate and COF 

 

Copper removal is controlled by a two-step process: chemical reaction and 

mechanical abrasion of the copper surface followed by removal of the abraded material 

from the vicinity of the copper surface. The observed removal rate decrease when APS 
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concentration is higher than 1 percent is because that the chemical reaction is very fast to 

form an oxidation layer, which is not being removed in time. 

 

7.4.3.3 Effect of Hydrogen Peroxide Concentration 

In this case, the abrasive concentration is kept at 0.5 percent, and inhibitor 

concentration at 0.15 percent. COF do not show any significant variation with the 

hydrogen peroxide concentration. Removal rate increases and gets highest value when 

increasing peroxide concentration from 0 to 0.25 percent. Then removal rate decreases 

with the further increase in hydrogen peroxide concentration. Figure 7.12 shows the 

effects of hydrogen peroxide on removal rate and COF 
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Figure 7.12: Effect of hydrogen peroxide in terms of removal rate and COF 
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7.4.3.4 Effect of the Sodium Hypochlorite Concentration 

As shown in Fig. 7.13, for the oxidizer Sodium Hypochlorite, there is an 

optimal concentration where the removal rate achieves the highest value. Under the 

conditions investigated, it is about 1 percent for all three oxidizers tested to achieve the 

highest removal rate. However, COF shows a noticeable fluctuation with the NaClO3 

concentration. 
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Figure 7.13: Effect of NaClO3 in terms of removal rate and COF 

 

7.4.4 Concluding Remarks 

Abrasive and oxidizer concentrations are important considerations in slurry 

formulation design. COF and removal rate increases when abrasive concentrations 

 



  

 

231

increase. This is believed to be due to the increased contact area between the wafer, the 

pad and the particles. For all oxidizers, there is an optimal concentration for achieving the 

highest removal rate. However, COF values for different oxidizers show significant 

variations.  

 

 



 

 

232

 

 

 

CHAPTER 8 

EFFECTS OF PAD GROOVING DURING COPPER CMP 

 

 

8.1 Motivation 

Pad groove, as a macrotexture property of the pad, is a significant consideration 

for ensuring stable and high-performance CMP process characteristics. Grooves on the 

pad serve to facilitate slurry flow, and attain uniform slurry distribution across the pad 

and beneath the wafer. This is very critical, especially for 300 mm wafer polishing. In 

addition, grooves can effectively discharge debris generated during polishing, such as pad 

fragments and polish by-products, and prevent subsequent particle redeposition to reduce 

the likelihood of scratches and other defects on the wafer surface. Optimal groove design 

depends on the pad type, CMP tool design, the type of the material polished and polish 

conditions. The objectives of this study are to develop and evaluate several new groove 

designs to potentially improve the frictional and removal rate characteristics of copper 

CMP. 
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8.2 Experimental Procedures 

A scaled rotary polisher described in Chapter 2 was used to perform all 

experiments. Wafer and platen rotated in counterclockwise direction. Prior to data 

acquisition, each pad was conditioned for 30 minutes using ultra pure water. Pad 

conditioning consisted of using a 100 grit diamond disc at a nominal diamond disc 

pressure of 0.5 PSI, rotational velocity of 30 RPM and sweep frequency of 20 per minute. 

Pad conditioning was followed by a pad break-in with the subject slurry until a constant 

COF was reached for a specific process condition. Experiments were conducted with in-

situ conditioning at the same disc velocity and oscillation frequency as above. Three 

settings of applied wafer pressures, p (1.5, 2.0 and 2.5 PSI) and sliding velocity, V (0.31, 

0.62 and 1.09 m/s) were used resulting in nine different combinations of pV. Two 

replicates were run for each operating condition in order to assess repeatability. In all 

cases, slurry flow rate was kept constant at 80 cc/min. Point-of-use slurry was prepared 

by adding one part of Fujimi PL 7102 slurry, 9 parts of the water and 0.3 parts of 30% by 

weight hydrogen peroxide. 

100-mm copper deposited wafers were used in this study. They were comprised 

of three layers as follows: 2 µm of PVD copper, on top of 100 nm of PVD Ta, overlying 

on 100 nm of thermal silicon dioxide grown on p-type silicon substrate. After polishing, 

wafers were cleaned and dried immediately. A precise Ohaus® balance (readability 0.01 

mg) was used to measure the weight of the wafers before and after polishing to determine 

removal rate. 

 



 

 

234

Five groove designs were used, which included flat, k-groove, radial, 

logarithmic spiral positive (LSP) and logarithmic spiral negative (LSN). The patterns of 

the last three designs are shown in Fig. 8.1.  

 

Logarithmic Spiral

Negative (LSN)

Radial Logarithmic Spiral 

Positive (LSP)

Logarithmic Spiral

Negative (LSN)

Radial Logarithmic Spiral 

Positive (LSP)  

Figure 8.1: Groove designs used in this study 

 

Patterns were formed using a programmable milling machine. In order to attain 

the logarithmic spiral designs, grooves were first formed spirally on the pad starting from 

the center so as to facilitate stable slurry supply in the pad-wafer region. Then 

logarithmic grooves were formed along the radius of the spirally grooved pad. The 

precise shape of the logarithmic grooves was determined following detailed flow 

visualization studies by tracing polishing debris ejected from the pad surface during 

polishing57. As a result, such grooves were expected to facilitate the discharge of 

unwanted byproducts. Details regarding the manufacturing, dimensions, and performance 

 



 

 

235

of these novel grooved pads, as well as the theory behind their design, may be found 

elsewhere101. For the LSP pad, the direction of the logarithmic groove was same as the 

rotational direction of the platen, which was counter-clockwise in this case. The direction 

of the logarithmic groove of the LSN pad was opposite to the rotational direction of the 

platen.  

 

8.3 Results and Discussion 

8.3.1 COF and Lubrication Mechanism 

A key attribute resulting from the interactions among the pad, the wafer and the 

slurry is the shear force. This is measured by attaching a strain gauge to the sliding 

polisher table described in Chapter 2. Figures 8.2 to 8.5 show the effect of Sommerfeld 

number on COF for various groove designs. The three left-hand-most pairs of data points 

were taken at a sliding velocity of 0.31 m/s with pressure at 2.5, 2.0 and 1.5 PSI. The 

middle three pairs corresponded to 0.62 m/s, while the three right-hand-most pairs of data 

points were taken at 1.09 m/s. 

Based on the trend of Stribeck curve and the magnitude of the COF, the 

dominant tribological mechanism associated with each type of grooved pad is that of 

boundary lubrication, in which abrasive particles, pad asperities and the surface of the 

wafer are all in direct contact with one another.  
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Figure 8.2:  Stribeck curve corresponding to the flat pad 
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Figure 8.3:  Stribeck curve corresponding to the radial pad 
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Figure 8.4:  Stribeck curve corresponding to the logarithmic spiral positive (LSP) pad 
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Figure 8.5:  Stribeck curve corresponding to logarithmic spiral negative (LSN) pad 
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Figure 8.6:  Stribeck curve corresponding to k-groove pad 

 

For the flat and the radial pads, COF results within the entire range of 

Sommerfeld numbers investigated show less variation with the operating conditions in 

comparison with the other three types of pads. The average COF values are 0.459 and 

0.386 of the flat pad and radial pad, respectively, which are lower than those of the k-

groove, the LSP and the LSN pads.  

As shown in Figs. 8.4, 8.5 and 8.6, data points 1, 4 and 7 correspond to 

operating conditions at the pressure of 2.5 PSI and the velocity from 0.31 to 1.09 m/s. 

Data points 2, 5, and 8 correspond to operating conditions at the pressure of 2.0 PSI and 

the velocity from 0.31 to 1.09 m/s. Data points 3, 6 and 9 are obtained at he pressure of 

1.5 PSI. Thus it suggests that, during polishing with LSP, LSN and k-groove pads, COF 
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data increase at a power dependence of the velocity at a fixed pressure. This is can be 

explained using elastohydronamic lubrication (EHL) theory102. In addition to the load and 

sliding speed, there are two important physical factors that determine the lubrication layer 

thickness: the elasticity of the asperity, and the pressure dependence of the fluid 

viscosity. Contributions to the total shear force measured on a tribometer include 

mechanical shear forces from three body sliding contact and viscous shear forces. The 

viscous shear force, which is small over most of the wafer surface but may be locally 

large in a nanolubrication layer. The viscous contribution to COF can be written as: 

17.019.036.02
0 )/)1((9.0 −− ⋅⋅−⋅= λνµµ REVvisc     (8.1) 

where µ0  is the viscosity, V is the sliding speed, R is the undeformed asperity tip radius 

of curvature, ν is the pad Poisson ratio, E is Young’s modulus, and λ is a characteristic 

decay length. Equation 8.1 just implies a power law dependence of COF on velocity.  

The difference of COF results among different types of grooved pads is due to 

different slurry flow dynamics underneath the wafer as described below. During 

polishing with a flat pad, an excessively thick continuous layer of the slurry can form 

between the wafer and the pad, a phenomenon known as hydroplaning. It limits the 

intimate contact between the wafer and the pad and reduces COF and removal rate. The 

lower the applied wafer pressure and the higher the sliding velocity, the greater the 

tendency for hydroplaning, which results in a lower COF. Figure 8.2 shows the COF 

values range from 0.4 to 0.6, which can preclude hydroplaning. For the flat pad, it is 
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possible to develop suction under the wafer, which causes both a thinner fluid layer and a 

higher COF. According to the Stribeck curve plotted in Fig. 8.2, the flat pad shows the 

minimum COF at the lowest pressure and the highest velocity combination, which 

suggests that a transition from boundary to partial lubrication may have started.  

3-D computational fluid dynamic simulation indicates that radial grooves show 

a higher tendency for hydroplaning. Being oriented perpendicular to the pad rotation, 

radial grooves advance the slurry by positive displacement. However, this same 

orientation prevents radial grooves from relieving pressure extremes developed in the 

slurry during transit from the leading to the trailing edge of the wafer, thus leading a 

higher tendency for hydroplaning103. In this study, the lower COF of the radial design is 

therefore believed to be due to the less intimate three-body contact among the pad, the 

wafer and the abrasive particles. 

Besides the applied wafer pressure and the sliding velocity, the abrasive 

concentration also has an effect on the formation of hydroplaning. Previous ILD 

polishing using various groove designs indicates that the radial pad begins in boundary 

lubrication and shows a tendency to migrate to partial lubrication as Sommerfeld number 

increases, and the lubrication mechanism of the flat pad seems to be similar to the radial 

pad but to a less extent57. The slurry abrasive concentration is 12.5 percent in ILD 

polishing in comparison with 1 percent in copper polishing. The higher abrasive 

concentration increases the lubricity of the fluid layer and the tendency for hydroplaning, 

resulting in a reduced COF, especially at the low pressure & high velocity region. The 
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dramatic decrease in COF indicates the transition of tribological mechanism from 

boundary lubrication to partial lubrication.  

The grooved pad prevents the hydroplaning of the wafer. However, the effective 

flow resistance is also increased by the more intimate contact of the pad with the 

confining surface, and by the abrupt changes in cross-sectional flow area created by 

grooves104. Therefore, the LSP, the LSN and the k groove pads yield higher COF. Figure 

8.7 lists the average COF associated with each groove design. The LSP pad shows the 

highest average COF, followed by the LSN pad and the k-groove pad  

The study of slurry flow dynamics 105 indicates that for the k-groove pad, slurry 

flow under the wafer aligns with the pad rotation, and fluid slip in those circular grooves 

results from the exact and constant alignment of the grooves with the direction of pad 

rotation. When fresh slurry is injected onto the pad, it enters the wafer along the groove 

and replaces the used slurry immediately. While spiral grooves continuously change 

curvature relative to the pad rotation. When the logarithmic grooves are added onto the 

spiral pad, they strengthen the variable orientation of the grooves relative to pad rotation 

that avoid the fluid slip and interconnections that limit fluid pressure extremes in the 

groove network. Therefore, the logarithmic spiral pad, compared with the k-groove pad, 

is more efficient in eliminating hydroplaning, thus leading to a larger three-body contact. 

COF values of the LSP are therefore higher than those of the k-groove pad. In addition, 

the LSP pad yields a larger fluid pressure drop than the LSN pad due to its greater 

capability of the slurry conveyance from the leading edge of the wafer to its trailing edge. 
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Figure 8.7:  Average COF for various groove design 

 

For ILD polishing, material removal rate increases with shear force89,106. For 

copper polishing, temperature rise due to shear force plays a key role in material removal 

rate as described in previous chapters. However, high amounts of shear force can 

adversely affect the quality of the wafers by increasing the number of defects107 and by 

causing delamination of the underlying insulating films (especially low-strength porous 

or organic low k dielectrics)108. Therefore, the optimal groove design should take account 

of all these factors, such as the effectiveness of the slurry usage, removal rate, wafer 

defects, and pad life, to achieve a satisfactory polishing performance.  

 

 



 

 

243

8.3.2 Pad Temperature Transient during Polishing 

The leading edge pad temperature transients corresponding to different values 

of pV are summarized in Figs. 8.8 and 8.9. The three left-hand-most pairs of data points 

correspond to a sliding velocity of 0.31 m/s with pressures at 1.5, 2.0 and 2.5 PSI, the 

middle three pairs to 0.62 m/s, while the three right-hand-most pairs to 1.09 m/s. The 

results associated with the flat and the radial pads are plotted in Fig. 8.8. 
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Figure 8.8: Pad temperature transients for the flat and radial pad as a function of various 

pressure and pad-wafer velocity combinations 

 

Results show that pad temperature increases as pressure and velocity are 

increased except for in the range from 2.5 PSI & 0.62 m/s to 1.5 PSI & 1.09 m/s. When 
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operating conditions change from 2.5 PSI & 0.62 m/s to 1.5 PSI & 1.09 m/s, the 

temperature transients slightly decrease for both pads. Table 8.1 lists the COF values at 

the two operating conditions for each pad. When operating conditions change to the 

higher velocity & lower pressure, COF does not change dramatically. Therefore the 

cooling effect of the slurry is a dominant factor in affecting pad temperature. The higher 

the sliding velocity, the faster the heat removed by the slurry, and the lower the resulting 

pad temperature. 

 

Table 8.1: COF variation at different operating conditions 

 Flat  Radial K-groove LSP LSN 

2.5 PSI & 0.62 m/s 0.413 0.357 0.498 0.483 0.480 

1.5 PSI & 1.09 m/s  0.408 0.380 0.742 0.701 0.683 

 

In comparing these two types of pads for the entire range of pressures and 

velocities investigated, the leading edge pad temperature throughout the run is slightly 

higher for the flat pad than for the radial pad. This is due to the higher COF associated 

with the flat pad.  

The results associated with the k-groove pad and the LSP pad and the LSN pad 

are plotted in Fig. 8.9. The temperature transients of the k-groove pad, the LSP pad and 

the LSN pad are higher compared to those of the flat pad and the radial pad at medium 
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(0.62 m/s) and high (1.09 m/s) sliding velocities. This is due to the higher COF values 

associated with the three pads.  
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Figure 8.9: Pad temperature transients for the k-groove pad, the LSP pad and the LSN 

pad as a function of various pressure and pad-wafer velocity combinations 

 

However, for these three pads, there are no pad temperature transient drops 

when operating conditions change from 2.5 PSI & 0.62 m/s to 1.5 PSI & 1.09 m/s. This is 

due to the dramatic COF variation at these operating conditions. As shown in Table 8.1, 

COF increases significantly when operating conditions change for the flat pad and the 

radial pad. Higher shear force (friction force) generates more heat, and the cooling effect 

of the slurry is not enough to offset this effect, thus leading to an increase in the 
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temperature of the pad surface. It should be noted that at the medium and high pad-wafer 

velocity the pad temperature transients associated with the LSN d and the LSN pads are 

higher than those associated with the k-groove pad. The temperature transients for the 

LSP and the LSN pads do not show very noticeable difference even though the average 

COF associated with the LSP pad is larger (see Table 8.1). This suggests that the 

logarithmic positive grooves that are more efficient in conveying the slurry to the wafer 

remove more heat from the wafer-pad interface. The LSN pad leads to a higher pad 

temperature transient than the k-groove due to its logarithmic negative grooves which 

retard the replacement of the refresh slurry under the wafer, thereby reducing the slurry 

cooling effect during polishing. 

 

8.3.3 Removal Rate 

Removal rates as a function of pV are plotted in Figs. 8.10 and 8.11. Figure 8.10 

corresponds to the flat and the radial pads, and Fig. 8.11 to the k-groove, the LSP and the 

LSN pads. For all five types of pad, removal rates increase with pressure or sliding 

velocity. However, removal rates do not increase monotonically with pV. As shown in 

Fig. 8.10, for the flat pad and the radial pad polishing, a dropped removal rate occurs in 

the region corresponding to a value of pV of about 11,000 Pa-m/sec (W/m2) which 

coincides with the transition from 2.5 PSI and 0.62 m/s to 1.5 PSI and 1.09 m/s. This is 

believed to be due to the variation in the reaction temperatures of the wafer at these two 
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conditions. Pad temperature also shows the same variation trend at these two conditions, 

namely it is higher at 2.5 PSI & 0.62 m/s. 

There are no removal rate drops for the k-groove, the LSP and the LSN pads. 

However, at the highest pad-wafer velocity, the removal rates show the departure from 

the Prestonian behavior. This suggests that the removal rate depends on the pressure (p) 

and the velocity (V) separately, not just on pV. This is the source of the apparent 

departure in Preston plots. Therefore a Lim-Ashby contour plot is usually a better way to 

describe such data, since the Lim-Ashby plot does not make any assumptions about the 

functional dependence of the removal rate on pressure and velocity. The contour plots for 

all five types of pads are shown in Figs. 8.12 to 8.16, which indicate that removal rate is 

more sensitive to velocity than it is to pressure, especially at low values of pressure and 

velocity.  
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Figure 8.10: Removal rate for the flat and radial pads as a function of  

pressure and pad-wafer velocity 
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Figure 8.11: Removal rate for the k-groove, LSP and LSN pads as a function of 

pressure and pad-wafer velocity 
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Figure 8.12: A removal rate contour plot for the flat pad 
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Figure 8.13: A removal rate contour plot for the radial pad 
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Figure 8.14: A removal rate contour plot for the LSN pad 
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Figure 8.15: A removal rate contour plot for the LSP pad 
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Figure 8.16: A removal rate contour plot for the k-groove pad 

 

8.4 Numerical Analysis of Removal Characteristics  

The compact model shown in Chapter 3 is used to calculate the reaction 

temperature of the wafer and to investigate the polishing mechanism associated with all 

five types of pad. Figures 8.17 to 8.21 compare the experimental results with simulation 

results for the flat, the radial, the LSP, the LSN and the k-groove pads, respectively. 

Table 8.2 summarizes the simulation parameters. RMS errors for their model fits are 278, 

238, 337, 281, and 314 A/min for the model fits. All of the fitting errors are comparable 

to the RMS difference between replicated runs. During simulation, activation energy of 

the chemical reaction is kept at 0.65 eV for all cases78, 80, 82. The results indicate that 
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different pads have different mechanical rates.  

 

Table 8.2: Summary of flash heating simulation results 

 Flat Radial K-groove LSP LSN 

E (eV) 0.65 0.65 0.65 0.65 0.65 

A (moles/m2.sec) 1.09E+8 1.09E+8 1.09E+8 1.09E+8 1.09E+8 

Cp (moles/J) 8.55E-7 5.81E-7 1.02E-6 5.74E-7 7.69E-7 

e 5.76E-1 9.08E-1 3.38E-1 9.78E-1 8.26E-1 

beta 1.74E-4 7.87E-4 5.48E-4 6.73E-4 4.30E-4 
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Figure 8.17: Comparison between experimental results with simulation results associated 

with the flat pad 
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Radial PadRadial Pad

 

Figure 8.18: Comparison between experimental results with simulation results associated 

with the radial pad 

LSP PadLSP Pad

 

Figure 8.19: Comparison between experimental results with simulation results associated 

with the logarithmic spiral positive pad 
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LSN PadLSN Pad

 

Figure 8.20: Comparison between experimental results with simulation results associated 

with the logarithmic spiral negative pad 

K-groove PadK-groove Pad

 

Figure 8.21: Comparison between experimental results with simulation results associated 

with the k-groove pad 
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Using the proposed Langmuir-Hinshelwood and flash heating thermal model, 

simulation results capture all of the important characteristics occurring during polishing. 

This is, copper removal is dependent not only on pV, but also on the reaction temperature 

of the wafer. The reaction temperature is the sum of both the measured pad leading edge 

temperature and the theoretical flash increment.  

For the flat and the radial, the simulation also shows that removal rate drops at a 

certain operating condition region. Table 8.3 lists the reaction temperatures of the wafer 

at two conditions: 1.5 PSI & 1.09 m/s and 2.5 PSI & 0.62 m/s, as well as the chemical 

reaction rate (k1) and the mechanical rate (k2). It shows that the temperature of the wafer 

at 1.5 PSI & 1.09 m/s is always lower and that the value of the ratio (k1/k2) is always less 

than 1 at the transition region. Therefore the polishing is a chemically limited process and 

the removal rate is largely determined by the temperature of the wafer. When mechanical 

rates are almost the same, the reduced reaction temperature of the wafer decreases 

material removal. 

As shown in Table 8.3, for the k-groove, LSP and LSN pads, the variations of 

the temperatures of the wafer at these two specific conditions are much smaller. 

Therefore, increasing the mechanical rate will accelerate material removal. In addition, 

the real value of pV at 1.5 PSI & 1.09 m/s is slightly larger than that at 2.5 PSI & 0.62 

m/s (11272 vs. 10687 Pa-m/s), which also contributes to the increased removal rate when 

operating conditions change from 2.5 PSI & 0.62 m/s to 1.5 PSI & 1.09 m/s.  
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Table 8.3: Simulation results in terms of the wafer temperature, chemical reaction rate 

and mechanical rate at transitional operating conditions 

 

 Flat Radial K-groove LSP LSN 

Temp. of wafer at 

2.5 PSI & 0.62 m/s 

(deg C) 

 

29.52 

 

33.53 

 

31.41 

 

34.04 

 

33.25 

Temp. of wafer at 

1.5 PSI & 1.09 m/s 

(deg C) 

 

28.44 

 

30.94 

 

31.89 

 

33.65 

 

33.15 

k1 at 

2.5 PSI & 0.62 m/s 

 

1.66E-3 

 

2.29E-3 

 

1.93E-3 

 

2.48E-3 

 

2.25E-3 

k1 at 

1.5 PSI & 1.09 m/s 

 

1.51E-3 

 

1.86E-3 

 

2.01E-3 

 

2.32E-3 

 

2.23E-3 

k2 at 

2.5 PSI & 0.62 m/s 

 

4.24E-3 

 

2.22E-3 

 

5.40E-3 

 

2.96E-3 

 

3.94E-3 

k2 at 

1.5 PSI & 1.09 m/s 

 

3.78E-3 

 

2.49E-3 

 

8.51E-3 

 

4.55E-3 

 

5.92E-3 

 

One of the advantages of using Langmuir-Hinshelwood model is the ability to 

decouple the chemical and mechanical contribution to material removal rate during CMP. 

This is helpful in optimizing the slurry chemistry and selecting the appropriate operating 
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conditions. The ration of k1/k2 corresponding to all types of pads obtained from the 

simulation are shown in contour plots in Figs. 8.22 to 8.26. For copper polishing, it 

indicates that the process is mechanically limited at the lower values of pV and reaction 

limited at the higher values of pV.  
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Figure 8.22: Simulated ratio of chemical and mechanical rates of the flat pad polishing 
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Figure 8.23: Simulated ratio of chemical and mechanical rates of the radial pad polishing 
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Figure 8.24: Simulated ratio of chemical and mechanical rates of the LSP pad polishing 
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Figure 8.25: Simulated ratio of chemical and mechanical rates of the LSN pad polishing 
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Figure 8.26: Simulated ratio of chemical and mechanical rates of the k-groove pad 

polishing 
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8.5 Conclusions  

For the flat, the radial, the LSN, the LSP and the k-groove pads polishing, the 

dominant tribological mechanism is that of boundary lubrication over entire Sommerfeld 

number investigated. The grooved pad plays a vital role during polishing to achieve the 

uniform and defect-free wafer surface. Grooves on the pad help eliminate the tendency of 

hydroplaning of the wafer. Hydroplaning causes a reduced removal rate due to less 

contact between the wafer and the pad. The LSP pad shows the highest average COF, 

which is due to the fact that the logarithmic positive grooves and spiral grooves yield 

most efficient slurry conveyance to the wafer. The LSP pad therefore yields a largest 

radial fluid pressure drop, thus causing a largest three-body contact. The radial design 

obtains the smallest average COF among the grooved pads, which agrees with the 

analysis of flow dynamics of the grooved pad. The orientations of the radial grooves 

which are perpendicular to the rotation of the pad prevent the grooves from reliving fluid 

pressure extremes developed in the slurry during transit from the leading to trailing edge 

of the wafer, thus leading to a higher tendency for hydroplaning. The effect of groove 

design is becoming more noticeable at the highest pad-wafer velocity. There are removal 

rate drops when operating conditions change from 2.5 PSI & 0.62 m/s to 1.5 PSI & 1.09 

m/s for the flat pad and the radial pad polishing, while for the k-groove, the LSP and the 

LSN pads, there are obvious departure from the Prestonian behavior. Based on coefficient 

of friction, removal rate and pad temperature analysis during polishing, a Langmuir-

Hinshelwood model with both mechanical and chemical rate components is employed to 
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explain the observed non-Prestonian behavior at a certain value of pressure and velocity 

combination. A flash heating thermal model is used to simulate the substrate temperature. 

The model decouples the total removal rate into two components, mechanical and 

chemical one. For all types of the grooved pads investigated in this study, the process is 

that of mechanical limited at low pV, chemical limited at high pV. Non-Prestonian 

behavior is thought to be due to the variation of the COF and the substrate temperatures.  
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CHAPTER 9 

EFFECTS OF DISC DESIGN AND KINEMATICS OF 

CONDITIONERS ON PROCESS HYDRODYNAMICS 

DURING CMP 

 

 

9.1 Motivation 

It is well established that in situ pad conditioning using diamond discs facilitates 

polish rate stability and slurry distribution in chemical mechanical planarization of 

copper structures, and that in the absence of conditioning, polish rates rapidly decay over 

time and defects density increases due to pad glazing29,109. However, not much 

information is available on the effect of disc conditioner design (i.e. the particular 

arrangement of diamonds on the disc), conditioner kinematics, and conditioner pressure 

on slurry distribution under the wafer and the distance between the wafer and the pad 

during actual polishing. This information is believed to be helpful in optimizing operating 

conditions, prolonging pad lifetime, and decreasing slurry consumption without 
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compromising polishing performance. Therefore, the main goal of this study is to 

determine whether the above parameters influence the overall hydrodynamics of the 

processes in terms of fluid film thickness and wafer tilt.  

Fluid film thickness and coefficient of friction (COF) are key indicators of the 

polishing lubrication mechanism. The thickness of the fluid layer is dependent on the pad 

roughness and topography, abrasive particle size and on operating conditions including 

the applied wafer pressure, pad and wafer rotation rates and the slurry flow rate. The 

slurry film thickness comes about as a result of load balance in the presence of 

hydrodynamic and applied mechanical pressures. Hydrodynamic lubrication, where the 

wafer and pad are thought to be separated by a layer of fluid, corresponds to a fluid layer 

that is considerably thicker than the roughness of the pad50. On the other hand, in typical 

CMP processes, the pad roughness and abrasive particle diameter are in the order of 

micrometers and nanometers, respectively, and the tribological mechanism is usually 

boundary lubrication25,26,110. The fluid thickness scale makes it extremely difficult to 

measure the fluid film thickness between the pad and the wafer. As described in Chapter 

2, DEUVEF is used in this study to quantify the film thickness of the slurry entrained 

between the pad and quartz substrate during polishing.  
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9.2 Measurement Technique of DEUVEF 

9.2.1 Principles of measurement technique of DEUVEF 

A description of this measurement technique in detail shows elsewhere44,45,46,111. 

In the case of CMP, the fluid consists of the subject slurry and the dyes. When excited by 

a UV source, each dye emits fluorescent light at a different wavelength. Two high-

resolution cameras are then used to capture the light emitted from the slurry and record 

the fluorescence intensity . The intensity ratio can then be related to fluid film 

thickness after proper calibration by taking advantage of the spectra properties of 

emission and absorption of these two dyes. This technique is represented by the 

schematic shown in Fig. 9.1.  

fI
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Figure 9.1: Schematic of mechanism of DEUVEF measurement technique 
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The entire measurement process consists of excitation, intensity detection, 

normalization and calibration steps. In the case of CMP, passive scalar can be 

temperature or thickness of fluid film underneath of the wafer based on the properties of 

selected dyes. The amount of light each camera sees is proportional to several key 

factors112. These include: 

(1) The amount of UV lights to which the dyes were subjected; 

(2) The ability of the dye to convert the UV light into fluoresced light; 

(3) The amount of UV light absorbed; 

(4) The concentration of the dye, and  

(5) The amount of dye exposed. 

 

9.2.2 Basic theory of fluorescence 

Every molecule contains a series of energy levels of vibrational, rotational and 

electronic energy. When absorbed certain amount of energy which is equal in difference 

between the two energy states, it can go from a lower to a higher energy level. For some 

molecules (generally polyaromatic hydrocarbons or heterocycles) called fluorphores or 

fluorescent dyes, when they absorb a photon of energy hvA provided by the external 

source such as a UV light or a laser, electrons are raised to an higher vibrational level of 

excited electronic singlet state, S1 or S2 from ground electronic state S0.  

During the excited state, excess energy of the lowest vibrational energy level is 

dissipated by some processes such as collisions with other molecules, fluorescence 
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resonance energy transfer (FRET) and intersystem crossing113. The other energy is then 

released by electrons’ returning to the ground electronic state. This phenomenon is called 

fluorescence, with the emission of energy hvF. The emitted energy has longer wavelength 

than the energy adsorbed by the fluorophores due to energy loss. The emission rates of 

fluorescence are typically 10-8 sec, so that a typical fluorescence lifetime is near 10 ns.  

Together with fluorescence, phosphorescence is another type of luminescence. 

Phosphorescence is emission of light form triplet-excited states, in which the electron is 

the excited orbital that has the same spin orientation as the ground-state electron.  

A Jablonski diagram114,115 shown in Fig. 9.2 schematically illustrates this kind 

of process involving the absorption and emission of light. 
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Figure 9.2: Schematic energy level (Jablonski) diagram for a diatomic molecule 

 



  

 

267

 

For each dye, when light from the excitation source travels through a 

fluorescent solution with thickness t, the fluorescence intensity at any small differential 

element dx along path of the light can be described as 

dxC)(IdI ef ⋅⋅⋅⋅= λεφ ,    (9.1) 

where  is the incremental fluorescence intensity emitted from the dye and fdI

φ  is the conversion or quantum efficiency of the dye which denotes the ratio of the 

energy emitted to the energy absorbed. In Eq. 9.1,  is the intensity of the excitation 

energy source, and 

eI

)( λε  is the molar absorptivity as a function of wavelength or pH, and 

C is the molar concentration of the dye. It should be noted that Eq. 9.1 is applicable in the 

dilute solution. Based on Lambert’s law of absorption,  

[ ]Cx)(expI)x(Ie λε−= 0 .    (9.2) 

Equation 9.2 therefore can be written as 

{ [ ]}Ct)(expI)t(I f λεφ −−⋅⋅= 10 .   (9.3) 

When film thickness is very small, Eq. 9.3 can be simplified to 

t)(CI)t(I f ⋅⋅⋅⋅≈ λεφ0 .    (9.4) 

However, single dye measurement technique is strongly dependent on excitation 
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energy. Shadows, light variations and light uniformity will affect the resulting 

fluorescence intensity.  

For the dual dyes system, the fluorescence ratio of the two dyes can be written 

as 

Fluorescence ratio
222

111

2

1

)(
)(

C
C

I
I

f

f

⋅⋅
⋅⋅

==
λεφ
λεφ .   (9.5) 

As seen from Eq. 9.4, by introducing two dyes into the system to normalize the 

fluorescence intensity of one dye to that of the other, the fluctuations of factors such as 

excitation source intensity, light reflections, background noise and the distance of light 

travel can be eliminated because both dyes undergo the same variation. Fluorescence 

ratio is only a function of a few physical properties of the dyes, not the excitation 

intensity. This is an advantage of two-dye system compared to single dye system. 

However, the fluorescence ratio obtained in Eq. 9.5 is not dependent on film thickness. 

Additional thickness information can be integrated into one of the dyes by taking 

advantage of re-absorption of one dye by the other one, which is one type of spectral 

conflicts to be discussed as follows: 

There are three types of spectral conflicts which should be considered before 

DEUVEF measurement44.  

Every dye has its own emission bands and absorption bands. If emission spectra 

of two dyes overlap each other, it will make impossible to distinguish one dye from the 

other one, which is Type I spectral conflict.  
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For Type II spectra conflict, the emission spectrum of one dye (dye 1) overlaps 

with absorption spectrum of the other dye (dye 2). The absorption spectrum remains 

unaffected by changes in the passive scalar being measured. Therefore, in the overlapping 

spectral region, dye 2 will absorb the emitted light If1 of dye 1 before If1 is caught by the 

camera. When the path length of the light through the fluorescent solution increases, dye 

2 has greater opportunity to absorb the emitted light of dye 1, thus causing the final 

fluorescence intensity of dye 2 seen by the camera to become larger, while the 

fluorescence intensity of dye 1 seen by camera to become smaller. Therefore, 

fluorescence intensity ratio is related to the light path length, which is the thickness to be 

measured. 

In Type III conflict, the emission spectrum of one dye still overlaps with the 

absorption spectrum of the second dye, however, this absorption spectrum changes with 

the passive scalar being measured. Due to this dye independent response, Type III errors 

cannot be corrected through other normalization methods. 

Therefore, taking advantage of re-absorption properties of two dyes, 

fluorescence intensity ratio can be related to the film thickness. The relationship between 

the fluorescence ratio and the film thickness can be written as follows113 

( ) ( )[ ]{ }
( ) ( )[ ]{ }tCCexpCC

tCexpCCC
I
I

Ratio
f

f

22111

22222

1

2

1
1

εεεϕε
εεεϕε

+−−
−−+

== ,  (9.6) 

 



  

 

270

where ε is effective two-dye molar absorption coefficient, and C is effective 

two-dye molar concentration. When the thickness is small, the ratio is linear with the 

fluid thickness t.  

 

9.2.3 Application of the DEUVEF Measurement 

Two specific dyes, Coumarin 4 (4 Methyl-Umbelliferone) and Calcein, at 

concentrations of 0.25 g/l and 1.0 g/l, were mixed into Fujimi PL-7102 slurry for this 

experiment. The absorption and emission spectra of both dyes are shown in Fig. 9.3.  
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Figure 9.3. Emission and absorption spectra of Calcein and Coumarin 
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The dyed slurry is excited by a 350 nm UV light source. The camera for 

Coumarin emission detection was filtered at 450 to 500 nm, because in this region 

emission spectrum of Coumarin directly overlaps with the absorption spectrum of 

Calcein. So Type II error can be used to relate the fluorescence ratio with fluid film 

thickness. When the film thickness increases, the emission of both dyes increases. 

However, due to the absorption by Calcein of a fraction of the fluorescence emitted by 

Coumarin at that bandwidth range, the Calcein's fluorescence I1f increases and the 

Coumarin’s fluorescence I2f decreases before being viewed by the cameras. This 

increases the fluorescence ratio. The measured fluorescence ratio, as described by Eq.9.3 

to Eq. 9.6, therefore increases in accordance with film thickness. The amount of 

fluoresced light by Coumarin that is absorbed by Calcein is thus used as an indicator of 

fluid film thickness. Similarly, the camera used to detect Calcein's emission is filtered 

between 550 nm and 600nm, which minimizes the influence of the emission tail of 

Coumarin's fluorescence. Therefore Coumarin is used as the emitter and Calcein is used 

as the absorber. The absorbance properties of Calcein will determine how the emitted 

fluorescence of Coumarin changes as a function of slurry film thickness between the pad 

and the substrate.  

 

9.2.4 DEUVEF Measurement Calibration 

The relationship between the collected intensity ratio and fluid film thickness 

can be constructed after calibration using the apparatus shown in Fig. 9.4. The apparatus 
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consists of two microscope slides attached together with a layer of 80-micron double-side 

tape on one side along the longitudinal direction of the slide. This creates a gap with a 

thickness variation across the width of the two slides. The calibration technique assumes 

that the slides are perfectly uniform in thickness, as well as parallel in the cross gradient 

direction. 
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Figure 9.4: Slurry film thickness calibration apparatus 

 

In the calibration procedure, the apparatus is first placed on the focus area of the 

dry pad. A pipet is then used to transfer enough dyed slurry to fill the gap. The slurry 

distribution in the gap is kept uniform and care is taken to avoid the air bubble formation 

in the gap. It is important that the pad be dry to prevent fluid transfer between the pad 

surface and the gap. The intensity collected by cameras is then due only to the slurry in 

the gap region. Immediately after filling the gap between the slides, images are taken 

from which the relationship between film thickness and intensity ratio can be obtained. It 
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is important to minimize the time that the dyes are exposed to light due to 

photodegradation.  

Typical calibration images are shown in Fig.9.5. In this figure, the left image 

corresponds to Calcein, and the right one to Coumarin. From the intensity scale, it is 

apparent that the intensity of Calcein emission is stronger. In these images, x-axis 

represents length in the form of a pixel count, which later is converted into physical 

length by imaging a transparent ruler shown in Fig. 9.6. Comparing the certain length on 

the ruler with corresponding pixel range, the relationship between the pixel and length 

can be achieved. 

The fluorescence ratio is shown in Fig 9.7 (I). Area A is selected as the area of 

interest. Figure 9.7 (II) indicates the variance of the intensity ratio along the gradient 

direction. From pixel 100 to pixel 600, the intensity ratio gradually decreases with the 

narrowing of the gap from left to right since in this range intensity ratio is strongly 

dependent on the fluid film thickness. After calculating the slope of this curve, the 

measured intensity ratio can be related to the fluid film thickness. It should be noted that 

the curve is not entirely linear. Due to an edge effect, at the initial and final ends of the 

gap, intensity ratios do not change perfectly linearly with the thickness of the gap. The 

calibration calculation should avoid these areas. Compared to the dramatic variance of 

the intensity ratio occurring at the horizontal direction, the intensity ratio remains almost 

unchanged in the vertical direction in Fig. 9.7 (III). This suggests uniform dyed slurry 

distribution across the entire area of interest in the gap area. 
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Figure 9.5: Images of the intensities emitted by Calcein (left) and Coumarin (right) 
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Figure 9.6: Calibration of relationship between the pixel in the image and the length 

along the horizontal direction of the slide 
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Figure 9.7: Relationship between slurry film thickness and fluorescent light 
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Figure 9.8: 3-D variance of intensity ratio and film thickness of selected area A  

during the calibration 
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Figure 9.8 is a typical calibration result, showing the variance of intensity ratio 

and the fluid film thickness of area A. Along the gradient direction of the microscope 

slides, the intensity ratio and fluid film thickness gradually decrease. 

 

9.3 Experimental Procedure 

Experiments are performed on a scaled rotary polisher using concentrically 

grooved FX-9 pads manufactured by Freudenberg. The pads are dyed gray in order to 

eliminate the natural fluorescence of the polyurethane when exposed to UV light. It 

should be noted that fluorescence intensities emitted form the grooves of the pad saturate 

as the groove depth increases. For this reason, the DEUVEF measurement underestimates 

the film thickness in the grooves. Therefore the reported average measured film thickness 

in Region I and II are smaller than actual average thickness. However, this kind of 

underestimation does not affect the experimental comparisons and conclusions since all 

experiments are performed by using the same pad and contain the same effect.  

Transparent acrylic resin disc conditioners, 75 mm in diameter, of the same 

design as commercial diamond disc conditioners, but without diamonds, are used in this 

study to investigate the effect of disc design geometry. Each conditioner has a unique 

design pattern (Fig. 9.9).  
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Figure 9.9: Schematic representation of the three diamond disc designs. 

left (Type A); center (Type B) ; right (Type C) 

 

A customized conditioner arm attached to the polisher holds the disc against the 

pad surface. The down pressure of the disc is fixed by a loaded spring and can be 

adjusted by using springs of different ratings. The following parameters were explored in 

this study: 

• Acrylic resin conditioners (3 types of substrate design patterns, all 

manufactured by Mitsubishi Materials Corporation (MMC) as shown in Fig. 

9.9) 

• Conditioner disc nominal down pressure (0.5 and 1.0 PSI based on an 

assumed surface area of 7.1 square inches) 

• Conditioner disc sweep frequency across the pad radius (15 and 30 sweeps 

per minute traversing a total roundtrip distance of approximately 12 inches) 

• Conditioner disc rotational rate (15 and 30 RPM)  

• Slurry flow rate (40, 60, 80 and 140 cc per minute) 
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In all cases, the following parameters were kept constant: 

• Wafer-pad relative sliding velocity (1.1 m/s) 

• Wafer down pressure (2.5 PSI) 

• Slurry type (Fujimi PL-7102) 

Before taking any images, the pad is conditioned using a standard 100-grit 

TBW diamond disc conditioner for 30 minutes with ultra pure water at a 30 RPM rotation 

rate and 20 per min sweep frequency. Then 5 min break-in with dyed slurry at the same 

rotation and sweep setting is performed in order to saturate the pad. The TBW 

conditioner is then replaced by MMC arylic resin disc conditioner and the platen is 

rotated to distribute the slurry evenly on the pad surface. Finally, the wafer is lowered so 

that it contacts the pad during image acquisition.  

In all experiments, the conventional wafer carrier assembly containing the 

copper wafer is replaced with a quartz plate with a similar diameter and form factor as the 

wafer carrier assembly. The transparent quartz substrate allows image acquisition from 

the space bounded between the pad and the substrate during polishing. 

A personal computer equipped with National Instrument’s LabVIEW 5.1 is 

used to automate and control the entire apparatus (i.e. polisher, conditioner, optical 

system and other ancillary equipment). For each operating condition, 10 consecutive 

images are taken and then averaged to obtain the fluorescence intensity under the wafer 

for that particular condition. For each image, the intensity ratios of two 2 × 4 cm areas 

under the wafer are analyzed. These areas of interest (see Fig. 9.10) are referred to as 

Region I and Region II. Region I is closest to the center of the pad, and therefore closer to 
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the source of the slurry. Region II is closer to the edge of pad and therefore furthest from 

the slurry source.  

 

Pad center and point of 
slurry injection

Region I 

Region II

Wafer center 

Pad center and point of 
slurry injection

Region I 

Region II

Wafer center 
 

Figure 9.10: Locations of Region I and Region II in the wafer-pad interface 

 

9.4 Results and Discussion 

Figure 9.11 is an example of an intensity ratio plot and the corresponding slurry 

film thickness plot for Region II for a Type A conditioner with a 0.5 PSI down force 

oscillating at 15 sweeps per minute. The brighter the image, the thicker the fluid film. 

The fluid film thickness in any area can be obtained based on the calibration between the 

intensity ratio and fluid film thickness. To calculate the film thickness at a certain 

operating condition, 10 images of this kind are taken and then averaged. 
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Figure 9.11: An example of intensity ratio and its corresponding slurry  

film thickness plots for Region II 

 

9.4.1 Effects of Sweeping Frequency, Rotation Rate and Conditioner 

Pressure 

The measured film thickness between the wafer and the pad is a function of 

various geometric and kinematical parameters. Figure 9.12 shows the effect of 

conditioner pressure, sweep frequency and conditioner rotation rate on the mean slurry 

film thickness in Region I and II during real-time polishing using the Type A conditioner. 

The graph on the left in Fig. 9.12 corresponds to a quartz disc conditioner pressure of 0.5 
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PSI, and the one on the right to 1.0 PSI. At each disc pressure, two disc rotation rates, 15 

RPM and 30 RPM, as well as two disc oscillation frequencies, 15 sweeps per min and 30 

sweeps per min, are used. In all cases, the error bars (not shown here), representing the 

standard deviation of 10 images captured during polishing, range between 1 and 2 

micrometer. Figures 9.12 shows that at the same operating conditions, the slurry film 

thickness in Region I is always less than that of Region II thereby indicating a tilt of the 

wafer towards the center of the pad during polishing. This tilt is about 0.003 degrees at a 

disc pressure of 0.5 PSI, and roughly 0.001 degrees at 1.0 PSI (shown in Fig. 9.13).  
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Figure 9.12: Mean slurry film thickness for Region I and Region II at different 

conditioner operating conditions (Type A conditioner) 
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Due to different rates of pad asperity 

rebound in Regions I & II 

0.5 PSI

1.0 PSI

Due to different rates of pad asperity 
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0.5 PSI
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Figure 9.13: Schematic of wafer tilt at different disc pressure 

 

The wafer tilt can be explained qualitatively by comparing the ratio of the time 

any given portion of pad surface spends under the wafer in Region I or II to the time the 

surface of the pad is exposed to open environment. During polishing, the surface of the 

pad spends a longer fraction of each period under the wafer at the range of radii 

corresponding to Region I than for Region II. Since pad asperities are compressed 

viscoelastically or plastically while under the wafer and rebound and relax after they exit 

at the trailing edge, there is more time for deformation and less time for relaxation in 

Region I. This produces a tilt toward the center of the pad similar to what has been 

reported using capacitance probes116. The observation that wafer tilt is less at a disc 

pressure of 1.0 PSI also supports this hypothesis since the incremental deformation of pad 

asperities decreases as the applied pressure increases118. Also, one would expect that at 

higher disc pressures, the slurry film would become thinner. From Fig. 9.12, slurry film 
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thicknesses under all operating conditions at 1.0 PSI disc pressure are smaller than their 

counterparts at 0.5 PSI. 

The conditioner has two important functions: maintaining the asperity height 

against plastic deformation and abrasion, and redistributing the slurry on the pad. For the 

acrylic resin conditioner, the latter function is dominant in this study since there are no 

diamonds. During polishing, the slurry is injected onto the center of the pad where it 

forms a small puddle. Because of the rotation of the pad, the slurry enters a bow wave at 

the wafer leading edge, from which some or all of it flows into the leading edge gap 

between the pad and the wafer. The size of the gap and the pad rotation rate dictate the 

minimum flow rate required to keep the pad/wafer gap full. Since the conditioner draws 

slurry from the central puddle at the end of each inward sweep, it periodically reduces the 

flow to the bow wave and therefore reduces the total supply available to feed the 

pad/wafer leading edge gap. The results in Fig. 9.12 suggest that increasing the 

oscillation (sweep) frequency while the keeping rotation rate constant decreases the mean 

slurry film thickness by reducing the total flow volume into the bow wave. This is 

because that a high rate of sweep increases the frequency with which the conditioner 

enters the central puddle and drags the slurry from the injection location before it has an 

opportunity to enter the bow wave at the leading edge the wafer. The slurry volume of the 

bow wave is reduced and more slurry is redistributed across the whole surface of the pad 

and spun off before it can encounter the wafer. Conversely, at 15 sweeps per minute the 

film thickness is higher due to the fact that the low sweep frequency drags less slurry 

from the puddle. 
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Similarly, the mean volume of slurry delivered to the bow wave decreases when 

the disc rotation rate is increased at a fixed oscillation frequency. The higher the rotation 

rate, the more it draws from the central puddle during each interaction and the less that is 

available for the bow wave. As shown in Fig. 9.12 also, when the rotation rate of the 

conditioner increases, the film thickness decreases.  

 

9.4.2 Effect of slurry flow rate  

Slurry flow rate is an important factor that influences the removal rate, pad 

lifetime and the cost of ownership. Figure 9.14 summarizes the mean fluid film thickness 

at different slurry flow rates for the Type A conditioner. The results indicate a strong 

dependence of slurry film thickness on the slurry flow rate. The thickness increases with 

the flow rate. The results indicate that the thickness increases with the flow rate. As 

before, the slurry film thickness is smaller in Region I than in Region II. Increasing the 

sweep frequency from 15 to 30 per minute or increasing the disc rotation rate from 15 to 

30 RPM again decreases the film thickness. However the thickness difference between 

Region I and Region II becomes smaller as the slurry flow rate increases. This suggests 

that the higher flow rates are approaching the volume necessary to completely fill the 

gap. 
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Figure 9.14: Effect of slurry flow rate and disc sweep frequency on slurry film thickness 

for Region I and Region II at a disc pressure of 1.0 PSI  

 

9.4.3 Effect of Disc Design 

Besides grit size and crystalline structure, the layout pattern of diamonds on the 

conditioner disc is an important factor in affecting pad conditioning. Different layout 

patterns affect the distribution of contact area and fluid volume between the disc and the 

pad and can affect slurry transport during polishing.  

Type A conditioner is a mosaic structure with recessed dots arranged across the 

whole surface in a hexagonal pattern. Of the three designs tested, the mosaic design has 
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the largest contact area and the smallest amount of recess (approximately 0.15 mm 

relative to the reference surface). Type B conditioner has a triple-ring dot layout with 

dots that protrude about 0.30 mm relative to the reference surface and a perimeter ring 

punctuated by six flow channels. Type C disc has only a perimeter ring with six channels. 

The recess at the center of Type C disc is about 0.40 mm deep. Thus, the fluid volume 

capacity of the discs may be ordered as A, B and C from the smallest to the largest. As 

such, the capability of the disc to transfer the fluid from the central puddle should be 

ordered as A, B and C from the smallest to the largest. To confirm this, a test is 

performed using an apparatus which includes a dammed polishing platen with a small 

square-shaped opening at the periphery of the dam. The fluid is injected onto the center 

of the pad which then forms a small puddle at the center. The platen does not rotate in 

this case, but the conditioner disc rotates and oscillates to transfer the fluid from the 

puddle to a slurry capture tub which is connected to the above-mentioned small opening. 

The latter is aligned perfectly with the direction of the stroke of the traversing disc, and is 

the only exit through which the fluid can be transferred out of the dammed pad. By 

weighing the fluid inside the slurry capture tub after a certain amount of time, one can 

then determine the capability of the disc to remove the fluid. The results are shown in 

Fig. 9.15 which confirm our hypothesis that Type C design has the largest capability, 

followed by Type B and Type A.  

Figure 9.16 shows the effect of conditioner layout pattern on slurry film 

thickness at disc pressures of 0.5 PSI and 1.0 PSI. Results, when taken as a whole, 

indicate that regardless of other parameters investigated, slurry film thickness is strongly 
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dependent on the pattern design. In all cases investigated, the Type A design results in the 

thickest fluid film followed by Type B and Type C designs. 

 

20

22

24

26

28

30

Type A Type B Type C

W
ei

gh
 o

f t
he

 tr
an

sf
er

re
d 

flu
id

 (m
l)

 

Figure 9.15: Comparison of the capabilities of discs to transfer the fluid 

 from the puddle on the pad surface 

 

Closer scrutiny of DEUVEF videotape taken during polishing with various 

conditioner discs highlights the importance of the design pattern of the conditioner disc. 

The slurry redistribution function of the conditioner is dictated by the particular shape, 

protrusion and arrangement of the surfaces on the conditioner face. Depending on the 

design, the conditioners may enhance or retard slurry flow and slurry agitation in the 

disc-pad interface, and the subsequent release of slurry towards the rotating wafer. Type 

C conditioner is believed to capture the most slurry from the puddle due to the large 
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center recess. Type A conditioner, by contrast, has over most of its surface a disc/pad gap 

comparable to that of the wafer. The ordering of disc/pad volumes is consistent with the 

experimental findings shown in Fig. 9.12. 
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Figure 9.16: Effect of disc pattern design on slurry film thickness for Region I and 

Region II at a disc pressure of 0.5 PSI (left) and 1.0 PSI (right). 

 

9.5 Conclusions 

This study has focused on determining the effect of conditioner disc design, 

conditioner kinematics, and conditioner pressure on slurry distribution under the wafer as 
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measured by the slurry film thickness between the wafer and the pad during actual 

polishing. The DEUVEF technique is used to measure the slurry film thickness. Results 

indicate that the wafer is tilted towards the center of the pad during polishing and that the 

extent of wafer tilt was a strong function of conditioner disc pressure. The tilt is believed 

to be due to uneven pad asperity compression and rebound in the radial direction of the 

pad. Higher pressures result in a smaller tilt because of the non-linear stress-strain 

response of the pad surface. 

Increasing the oscillation frequency of the conditioning disc from 15 to 30 per 

min at a fixed disc rotation rate, or increasing the rotation rate of the disc from 15 to 30 

RPM at a fixed disc oscillation frequency decreases the slurry film thickness. This is 

believed to due to the variation of the slurry in the bow wave. More frequent encounters 

with the central puddle and a faster rotation rate of the conditioner drag more slurry form 

the puddle. Part of the slurry removed form the puddle is spun off the pad without ever 

entering the pad-wafer interface, thus decreasing the bow wave supply to the pad-wafer 

gap. Furthermore, it is found that the slurry film thickness increases with the slurry flow 

rate, showing evidence of saturation at higher rates. The thickness difference between the 

inside and outside edges of the wafer decreases with the slurry flow rate.  

Finally, slurry film thickness strongly depends on conditioning disc design. The 

capability of the disc to transfer the fluid from the central puddle is ordered as Type A, 

Type B and Type C from the smallest to the largest. As such, Type A design results in the 

thickest fluid film followed by Type B and Type C. Changes in film thickness are thought 
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to be related to efficiency with which the various designs can capture, transport and 

release slurry from the central puddle.  
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CHAPTER 10 

CONCLUSIONS AND FUTURE PLAN 

 

 

Copper polishing performance depends significantly on many input parameters, 

such as properties of pads, slurries, conditioning scheme, pressure, sliding velocity, slurry 

flow rate and temperature. A slight variance in each of these parameters will cause a 

significant change in the polishing results such as removal rate, defect density, and 

uniformity, and thus the overall performance of the device being fabricated. Various 

investigations are performed during the course of this work to understand the effect of 

consumables and other main parameters on copper polishing in terms of removal rate, 

lubrication mechanism, and temperature transients. A modified two-step Langmuir-

Hinshelwood removal rate model and a flash heating thermal model are developed to 

describe the removal mechanism.  

10.1 Conclusions 

The primary conclusions regarding each study are described below: 
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• Comparison between two copper substrates: copper disc and copper 

deposited wafer 

The average COF is higher for the copper deposited wafers. Pad temperature 

transients and removal rates are also slightly higher for the copper wafers. The process is 

mechanically limited at low pV, and chemically limited at high pV for both copper wafer 

and disc polishing. Chemical reaction rate of the disc is larger than that of wafer because 

smaller grain sizes, or a higher density of grain boundaries associated with the copper 

disc, may enhance the chemical rate by providing a higher density of favorable reaction 

sites. Offsetting this, grain boundaries may reduce the mechanical rate by increasing the 

probability of disruption of three body sliding contact between the wafer, asperities, and 

slurry particles. Overall, this leads to a slightly lower removal rate for copper discs than 

for copper wafers. 

 

• The effect of slurry flow rate on the tribological and kinematics of 

copper CMP 

For each flow rate investigated in this research, the tribological mechanism is 

that of boundary lubrication. Removal rate increases as slurry flow increases from 60 to 

80 cc/min due to the fact that higher slurry flow rate can provide more reactants to the 

system. Then removal rate decreases as slurry flow rate is further increased to 140 

cc/min, which is due to synergic effects of the wafer temperature, slurry flow and slurry 

residence time under the wafer. 
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The observed removal rate drop is due to the change of the wafer temperature at 

high sliding velocity. The copper removal rate is dependent on the pV and the wafer 

temperature. When the slurry flow rate increases, the process becomes more and more 

mechanically limited. 

 

• The effect of slurry abrasive particles with different sizes, content, and 

surfactants 

Regardless of abrasive diameter, abrasive content did not affect the tribological 

mechanism of the process. In the case of 13-nm abrasives, the dominant tribological 

mechanism is that of partial lubrication, while in the case of 35-nm abrasives, the 

dominant tribological mechanism is that of boundary lubrication.  

Surfactant plays an important role during polishing, especially for the 13 nm 

abrasives. COF values of the slurry with surfactant are generally lower that those of the 

slurry without surfactant. In spite of the lower values of COF observed with the 

surfactant-containing slurries, the corresponding values of copper removal are higher 

when polishing is under the boundary lubrication. For surfactant-containing slurries, the 

slurry with the larger abrasive particles achieves a higher COF and a higher removal rate 

when the abrasive content is kept unchanged. No correlation was observed between 

removal rate and COF.  

 

• The effect of the inhibitor on copper CMP 
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During polishing using a proprietary slurry containing BTA as the inhibitor, a 

highly non-Prestonian behavior is observed for the copper removal rate due to the 

presence of BTA in the slurry. When pV value is less than 11,000 Pa-m/s, an inhibitor 

protected layer BTA-Cu is formed on the copper surface rendering a very low removal 

rate. When pV value increases from 11,000 to 11,555 Pa-m/s, the BTA-Cu layer starts to 

be abraded off rapidly from the surface resulting in a dramatic increase of copper removal 

rate. Copper polishing rate continues to increase gradually at pV values higher than 

11,555 Pa-m/s. At pV values less than 11,000 Pa-m/s, copper removal is limited by the 

mechanical removal of the BTA-Cu surface layer; while at pV values larger than 11,555 

Pa-m/s where the adsorbed inhibitor layer is assumed be removed instantly, copper 

polishing process becomes chemically controlled.  

 

• The effect of pad grooving 

Grooves of the pad help eliminate the tendency for hydroplaning of the wafer. 

The LSP pad, whose spiral groove is at a slight angle to the pad rotation direction, shows 

the highest average COF. The radial pad obtains the smallest average COF among the 

grooved pads because the orientations of the radial grooves which are perpendicular to 

the rotation of the pad prevent the grooves from relieving fluid pressure extremes 

developed in the slurry during transit from the leading to trailing edge of the wafer, thus 

leading a higher tendency for hydroplaning. For all types of the grooved pads 

investigated in this study, the process is mechanically limited at low pV, and 
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chemicallylimited at high pV. Non-Prestonian behavior is thought to be due to the 

variation of the COF and the substrate temperatures.  

 

• The effect of conditioner disc design and kinematics on process 

hydrodynamics during CMP 

This study has focused on determining the effect of conditioner disc design, 

conditioner kinematics, and conditioner pressure on slurry distribution under the wafer. 

Results indicate that the wafer is tilted towards the center of the pad during polishing and 

that the extent of wafer tilt was a strong function of conditioner disc pressure. The tilt is 

believed to be due to uneven pad asperity compression and rebound in the radial direction 

of the pad. Higher pressures result in a smaller tilt because of the non-linear stress-strain 

response of the pad surface. 

Increasing the oscillation frequency of the conditioning disc, or increasing the 

rotation rate of the disc decreases the slurry film thickness. This is believed to due to the 

variation of the slurry in the bow wave. More frequent encounters with the central puddle 

and a faster rotation rate of the conditioner drag more slurry form the puddle. Part of the 

slurry removed form the puddle is spun off the pad without ever entering the pad-wafer 

interface, thus decreasing the bow wave supply to the pad-wafer gap. Furthermore, it is 

found that the slurry film thickness increases with the slurry flow rate, showing evidence 

of saturation at higher rates. The thickness difference between the inside and outside 

edges of the wafer decreases with the slurry flow rate.  
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Slurry film thickness strongly depends on conditioning disc design. Changes in 

film thickness are thought to be related to efficiency with which the various designs can 

capture, transport and release slurry from the central puddle. 

 

10.2 Future Plan 

Given the variety of work conducted in this dissertation, several future studies 

are being proposed for consideration as follows:  

• Design and evaluate novel pad grooves with the aid of DEUVEF 

technique 

Slurry, heat and debris transport under the wafer are important considerations in 

designing and optimizing pad grooving. The non-intrusive DEUVEF technique has 

proved to be an efficient method to measure fluid film thickness. Further application of 

DEUVEF should be performed after appropriate modification to visualize the flow 

pattern of the slurry and the distribution of the temperature underneath the wafer, which 

can provide information on groove designs. This is especially important for 300 mm 

copper wafer polishing due to stringent requirements for uniform slurry and temperature 

distribution.  

 

• Investigate the effect of grain texture on polishing performance 

Both chemical and mechanical factors can interact with grain microstructure. 

Grain size has an important effect on removal rate. On one hand, the chemical action of 
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the slurry in oxidizing an individual copper grain will be faster if the grain is smaller. On 

the other hand, larger mechanical forces would be needed to abrade away the smaller 

grain. Therefore it is necessary to construct and understand the relationship between grain 

size and removal rate. Grain orientation is another important factor. When copper, with 

an initially small grain size undergoes coarsening, energetically favorable orientations 

grow at the expense of less favorable orientations. Thus, an annealed film will have a 

difference mix of grain orientations than an as-deposited film. Mechanical properties can 

vary with grain orientation to cause a different rate. This kind of information will help 

identify the optimal operating conditions and improve the polishing performance based 

on the properties of the material to be polished. 

 

• Investigate the effect of various diamond disc designs on polishing 

Previous investigation focused on the conditioner disc design. The discs used in 

this research have the same design as commercial diamond disc conditioner, but without 

diamonds. During polishing, diamonds with a certain pattern can refresh pad asperity 

while distributing the slurry. Pad asperity is closely related to slurry film thickness under 

the wafer. Therefore it is critical to combine the effects of the disc design and diamonds 

to optimize diamond layout and operating conditions in order to achieve optimal 

polishing performance and prolong pad life. 

 

It is also important to improve the proposed Langmuir-Hinshelwood and flash 

heating models. In current simulation analysis, the chemical reaction step is simplified 
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without taking into account of the effect of other chemicals in the slurry, such as 

chelating agents and inhibitors. By incorporating these factors into the numerical model, 

the role of important chemicals during polishing can be quantified, which may be applied 

to adjust slurry chemistry and optimize operating conditions.  
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